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Figure 1. Mobile communication is an important function of f-m equipment. 


CHAPTER 1 
MODULATION SYSTEMS 


1. Introduction 


a. In the armed services, a reliable radio 
communication system is of vital importance. 
The swiftly moving operations of modern 
armies require a degree of coordination made 
possible only by radio. Today, the two-way 
radio is standard equipment in almost all mili- 
tary vehicles, and the walkie-talkie is a common 
sight in the infantry. Until recently, a-m (am- 
plitude modulation) communication was used 
universally. This system, however, has one 
great disadvantage: Random noise and other 
interference can cripple communication beyond 
the control of the operator. In the a-m receiver, 
interference has the same effect on the r-f signal 
as the intelligence being transmitted because 
they are of the same nature and inseparable. 


b. The engines, generators, and other elec- 
trical and mechanical systems of military ve- 
hicles generate noise that can disable the a-m 
receiver. To avoid this difficulty a different 
type of modulation, such as p-m (phase modula- 
tion) or f-m (frequency modulation), is used. 
When the amplitude of the r-f (radio-fre- 
quency) signal is held constant and the intelli- 
gence transmitted by varying some other char- 
acteristic of the r-f signal, some of the disrup- 
tive effects of noise can be eliminated. 


c. In the last few years, f-m transmitters and 
receivers have become standard equipment in 
the Signal Corps, and their use in mobile equip- 
ments exceeds that of a-m transmitters and re- 
ceivers. The widespread use of frequency mod- 
ulation means that the technician must be pre- 
pared to repair a defective f-m unit, aline its 
tuned circuits, or correct an abnormal condi- 
tion. To perform these duties, a thorough under- 
standing of frequency modulation is necessary. 
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2. Carrier Characteristics 


The r-f signal used to transmit intelligence 
from one point to another is called the carrier. 
It consists of an electromagnetic wave having 
arnplitude, frequency, and phase. If the voltage 
variations of an r-f signal are graphed in re- 
spect to time, the result is a waveform such as 
that in figure 2. This curve of an unmodulated 
carrier is the same as those plotted for current 
or power variations, and it can be used to inves- 
tigate the general properties of carriers. The 
unmodulated carrier is a sine wave that repeats 
itself in definite intervals of time. It swings 
first in the positive and then in the negative 
direction about the time axis and represents 
changes in the amplitude of the wave. This 
action is similar to that of alternating current 
in a wire, where these swings represent revers- 
als in the direction of current flow. It must be 
remembered that the plus and minus signs used 
in the figure represent direction only. The 
starting point of the curve in figure 2 is chosen 
arbitrarily. It could have been taken at any 
other point just as well. Once a starting point 
is chosen, however, it represents the point from 
which time is measured. The starting point 
finds the curve at the top of its positive swing. 
The curve then swings through 0 to some maxi- 
mum amplitude in the negative direction, re- 
turning through 0 to its original position. The 
changes in amplitude that take place in this 
interval of time then are repeated exactly so 
long as the carrier remains unmodulated. A 
full set of values occurring in any equal period 
of time, regardless of the starting point, consti- 
tutes one cycle of the carrier. This can be seen 
in the figure, where two cycles with different 
starting points are marked off. The number of 
these cycles that occur in 1 second is called the 
frequency of the wave. 
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Figure 2. Graph of typical unmodulated carrier. 


3. Amplitude Modulation 


a. General. The amplitude, phase, or fre- 
quency of a carrier can be varied in accordance 
with the intelligence to be transmitted. The 
process of varying one of these characteristics 
is called modulation. The three types of modu- 
lation, then, are amplitude modulation, phase 
modulation, and frequency modulation. Other 
special types, such as pulse modulation, can be 
considered as subdivisions of these three types. 
With a sine-wave voltage used to amplitude- 
modulate the carrier, the instantaneous ampli- 
tude of the carrier changes constantly in a sinu- 
soidal manner. The maximum amplitude that 
the wave reaches in either the positive or the 
negative direction is termed the peak amplitude. 
The positive and negative peaks are equal and 
the full swing of the cycle from the positive to 
the negative peak is called the peak-to-peak 
amplitude. Considering the peak-to-peak ampli- 
tude only, it can be said that the amplitude of 
this wave is constant. This is a general ampli- 
tude characteristic of the unmodulated carrier. 
In amplitude modulation, the peak-to-peak am- 
plitude of the carrier is varied in accordance 
with the intelligence to be transmitted. For 
example, the voice picked up by a microphone 
is converted into an a-f (audio-frequency) elec- 
trical signal which controls the peak-to-peak 
amplitude of the carrier. A single sound at the 
microphone modulates the carrier, with the 
result shown in figure 38. The carrier peaks are 


2 


no longer constant in amplitude because they 
follow the instantaneous changes in the ampli- 
tude of the a-f signal. When the a-f signal 
swings in the positive direction, the carrier 
peaks are increased accordingly. When the a-f 
signal swings in the negative direction, the car- 
rier peaks are decreased. Therefore, the in- 
stantaneous amplitude of the a-f modulating 
signal determines the peak-to-peak amplitude 
of the modulated carrier. 


b. Percentage of Modulation. 
(1) In amplitude modulation, it is common 
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Figure 3. Effect of a-f signal on carrier in amplitude 
modulation. 
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practice to express the degree to which 
a carrier is modulated as a percentage 
of modulation. When the peak-to-peak 
amplitude of the modulating signal is 
equal to the peak-to-peak amplitude of 
the unmodulated carrier, the carrier is 
said to be 100 percent modulated. In 
figure 4, the peak-to-peak modulating 
voltage, Ey, is equal to that of the 
carrier voltage, E’p, and the peak-to- 
peak amplitude of the carrier varies 
from 2F,, or 2E',, to 0. In other words, 
the modulating signal swings far 
enough positive to double the peak-to- 
peak amplitude of the carrier, and far 
enough negative to reduce the peak- 
to-peak amplitude of the carrier to 0. 
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Figure 4. Carrier modulated 100 percent by a 


(2) 
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modulating signal. 


If FH, is less than Ep, percentages of 
modulation below 100 percent occur. 
If Ey is one-half H,, the carrier is 
modulated only 50 percent (fig. 5). 
When the modulating signal swings to 
its maximum value in the positive di- 
rection, the carrier amplitude is in- 
creased by 50 percent. When the modu- 
lating signal reaches its maximum 
negative peak value, the carrier ampli- 
tude is decreased by 50 percent. 
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Figure 5. Fifty-percent modulation. 


(83) It is possible tg increase the percent- 


age of modulation to a value greater 
than 100 percent by making F, 
greater than F’,. In figure 6, the mod- 
ulated carrier is varied :from 0 to some 
peak-to-peak amplitude greater than 
2E,. Since the peak-to-peak ampli- 
tude of the carrier cannot be less than 
0, the carrier is cut off completely for 
all negative values of EF, greater than 
E',. This results in a distorted signal, 
and the intelligence is received in a 
Gistorted form. Therefore, the per- 
centage of modulation in a-m systems 
of communication is limited to values 
from 0 to 100 percent. 
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Figure 6. Overmodulation of carrier. 


(4) The actual percentage of modulation 
of a carrier (M) can be calculated by 
using the following simple formula 


M = percentage of 


modulation mag — Emin x 100 


Eas + EF nin 

where E',,, is the greatest and Eun 
the smallest peak-to-peak amplitude of 
the modulated carrier. For example, 
assume that a modulated carrier varies 
in its peak-to-peak amplitude from 10 
to 30 volts. Substituting in the for- 
mula, with Eing, equal to 30 and Enin 
equal to 10, 


M = percentage of modulation — 





30—10 20 
30410 So a0 
50 percent 


This formula is accurate only for per- 
centages between 0 and 100 percent. 


c. Side Bands. 


(1) When the outputs of two oscillators 
beat together, or heterodyne, the two 
original frequencies plus their sum and 
difference are produced in the output. 
This heterodyning effect also takes 
place between the a-f signal and the 
r-f signal in the modulation process 
and the beat frequencies produced are 
known as side bands. Assume that an 
a-f signal whose frequency is 1,000 cps 
(cycles per second) is modulating an 
r-f carrier of 500 kc (kilocycles). The 
modulated carrier consists mainly of 
three frequency components: the orig- 
inal r-f signal at 500 ke, the sum of 
the a-f and r-f signals at 501 ke, and 
the difference between the a-f and r-f 
signals at 499 ke. The component at 
501 ke is known as the wpper side 
band, and the component at 499 kc is 
known as the lower side band. Since 
these side bands are always present in 
amplitude modulation, the a-m wave 
consists of a center frequency, an up- 
per side-band frequency, and a lower 
side-band frequency. The amplitude 
of each of these is constant in value 
but the resultant wave varies in ampli- 


AMPLITUDE 


tude in accordance with the audio 
signal. 


(2) The carrier plus the two side bands, 
with the amplitude of each component 
plotted against its frequency, is repre- 
sented in figure 7 for the example 
given above. The modulating signal, 
fa, beats against the carrier, fc, to 
produce upper side band fy, and lower 
side band f,. The modulated carrier 
occupies a section of the radio-fre- 
quency spectrum extending from f/f, to 
fa, or 2 ke. To receive this signal, a 
receiver must have r-f stages whose 
bandwidth is at least 2 kc. When the 
receiver is tuned to 500 ke, it also 
must be able to receive 499 ke and 
501 ke with relatively little loss in 
response. 


fL=fo-fa CARRIER 


fy=fotfy 500 KC 
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Figure 7. Frequency spectrum of amplitude-modulated 


wave. 


(3) The audio-frequency range extends 
approximately from 16 to 16,000 cps. 
To accommodate the highest audio fre- 
quency, the a-m frequency channel 
should extend from 16 ke below to 16 
ke above the carrier frequency, with 
the receiver having a corresponding 
bandwidth. Therefore, if the carrier 
frequency is 500 ke, the a-m channel 
should extend from 484 to 516 ke. 
This bandwidth represents an ideal 
condition; in practice, however, the 
entire a-m bandwidth for audio repro- 
duction rarely exceeds 16 ke. For any 
specific set of audio-modulating fre- 
quencies, the a-m channel or band- 


AGO 421A 


width is twice the highest audio fre- 
quency present. 


(4) The r-f energy radiated from the 
transmitter antenna in the form of a 
modulated carrier is divided among 
the carrier and its two side bands. 
With a carrier component of 1,000 
watts, an audio signal of 500 watts is 
necessary for 100-percent modulation. 
Therefore, the modulated carrier 
should not exceed a total power of 
1,500 watts. The 500 watts of audio 
power is divided equally between the 
side bands, and no audio power is as- 
sociated with the carrier. 


(5) Since none of the audio power is asso- 
ciated with the carrier component, it 
contains none of the intelligence. From 
the standpoint of communication effi- 
ciency, the 1,000 watts of carrier-com- 
ponent power is wasted. Furthermore, 
one side band alone is sufficient to 
transmit intelligence. It is possible to 
eliminate the carrier and one side 
band, but the complexity of the equip- 
ment needed cancels the gain in effi- 
ciency. 


d, Disadvantages of Amplitude Modulation. 
It was noted previously that random noise and 
electrical interference can amplitude-modulate 
the carrier to the extent that communication 
cannot be carried on. From the military stand- 
point, however, susceptibility to noise is not the 
only disadvantage of amplitude modulation. An 
a-m signal is also susceptible to enemy jamming 
and to interference from the signals of trans- 
mitters operating on the same or adjacent fre- 
quencies. Where interference from another sta- 
tion is present, the signal from the desired sta- 
tion must be many times stronger than the in- 
terfering signal. For various reasons, the choice 
of a different type of modulation seems desir- 
able. 


4. Phase Modulation 


a. General. 


(1) Besides its amplitude, the frequency 
or phase of the carrier can be varied 
to produce a signal bearing intelli- 
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gence. The process of varying the 
frequency in accordance with the in- 
telligence is frequency modulation, and 
the process of varying the phase is 
phase modulation. When frequency 
modulation is used, the phase of the 
carrier wave is indirectly affected. 
Similarly, when phase modulation is 
used, the carrier frequency is affected. 
Familiarity with both frequency and 
phase modulation is necessary for an 
understanding of either. 


(2) In the discussion of carrier character- 
istics, carrier frequency was defined 
as the number of cycles occurring in 
each second. Two such cycles of a car- 
rier are represented by curve A in fig- 
ure 8. The starting point for measur- 
ing time is chosen arbitrarily, and at 
0 time, curve A has some negative 
value. If another curve B, of the same 
frequency is drawn having 0 amplitude 
at 0 time, it can be used as a reference 
in describing curve A. 
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Figure 8. Determining relative phase from a curve of 
the same frequency. 


(3) Curve B starts at 0 and swings in the 
positive direction. Curve A starts at 
some negative value and also swings 
in the positive direction, not reaching 
0 until a fraction of a cycle after curve 
B has passed through 0. This fraction 
of a cycle is the amount by which A 
is said to lag B. Because the two curves 
have the same frequency, A will al- 
ways lag B by the same amount. If the 
positions of the two curves are re- 
versed, then A is said to lead B. The 
amount by which A leads or lags the 
reference is called its phase. Since the 
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reference given is arbitrary, the phase 
is relative. 


b. Vector Representation. 


(1) 


(2) 


(3) 





Figure 


The cyclic changes of the carrier have 
been represented by plotting a curve 
of amplitude against time. It also is 
possible to represent the carrier cycle 
as the projection of a point rotating 
counterclockwise in a circle. This is 
called the vector representation and is 
accomplished by plotting the ampli- 
tude against the number of degrees of 
rotation of the point instead of directly 
against time. For each cycle of the 
carrier, the point rotates in one com- 
plete circle, or 360°. This is the period 
of the wave, or the time for one cycle. 
The carrier cycle as the projection of 
a point moving in a circle is plotted 
in figure 9. Starting from 0 the point 
rotates through 360° and back to 0, 
where the next cycle begins. When this 
point is projected along the set of axes 
on the right, one complete revolution 
of the point traces one complete cycle 
of the wave. The frequency of the 
wave in cycles per second is numeri- 
cally equal to the revolutions per sec- 
ond made by the point. The relative 
phase of the wave shown is 0, since 
it has 0 amplitude at 0°. The peak 
amplitude of the wave is equal to the 
radius of the circle, and the peak-to- 
peak amplitude is equal to the diam- 
eter of the circle. 

The position of the point at any in- 
stant can be indicated by an arrow 
drawn from the center of the circle to 
the point. This arrow is called a vector 
and in the diagram the point is at a 
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9. Projection of a point moving in a cirele to 


form one cycle of a sine wave. 





position of 45°. It must be remem- 
bered that this vector is not standing 
still, but is rotating at a frequency 
equal to that of the wave it represents. 
The vector is a convenient device 
with which to indicate phase rela- 
tions between one wave and another 
or between a wave and an arbitrar- 
ily chosen reference. Suppose that 
a wave is observed staring at a time 
when its vector is in the 45° posi- 
tion (fig. 10). A second vector having 
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Figure 10. Measuring relative phase angle by means 


of vectors. 


0 amplitude at 0 time and rotating in 
the same counterclockwise direction 
can be used as a reference for deter- 
mining relative phase. In the graphic 
projection on the right, the two waves 
have the same frequency ; however, the 
wave being observed is said to have a 
relative phase lead of 45°. An inspec- 
tion of the figure shows that this is the 
central angle between the two vectors, 
as measured counterclockwise from 
the reference vector. The solid sine 
wave passes through 0 in a positive 
direction 45° ahead of the dotted ref- 
erence sine wave shown at the right. 
If a particular carrier wave is consid- 
ered in this manner, it has a relative 
phase relation at any instant to a ref- 
erence carrier having the same fre- 
quency. The phase angle can be meas- 
ured either in degrees or in radians. 
Since 360° equals 27 radians, the phase 
angle of 45° observed above can be 
expressed as 7/4 radians, or simply 
1/4. 


ce. Phase Modulation. 
(1) In phase modulation, the relative phase 


of the carrier is made to vary in ac- 
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cordance with the intelligence to be 
transmitted. The carrier phase angle, 
therefore, is no longer fixed. The am- 
plitude and the average frequency of 
the carrier are held constant while the 
phase at any instant is being varied 
with the modulating signal (fig. 11). 
Instead of having the vector rotate at 
the carrier frequency, the axes of the 
graph can be rotated in the opposite 
direction at the same speed. In this 
way the vector (and the reference) 
can be examined while they are stand- 
ing still. In A of figure 11 the vector 
for the unmodulated carrier is given, 
and the smaller curved arrows indicate 
the direction of rotation of the axes 
at the carrier frequency. The phase 
angle, ¢, is constant in respect to the 
arbitrarily chosen reference. Effects 
of the modulating signal on the rela- 
tive phase angle at four different 
points are illustrated in B, C, D, and E. 
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Figure 11. Successive vector representation of a 
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phase-modulated carrier. 


(2) 


(3) 


The effect of a positive swing of the 
modulating signal is to speed the ro- 
tation of the vector, moving it counter- 
clockwise and increasing the phase 
angle, ¢. At point 1, the modulating 
signal reaches its maximum positive 
value, and the phase has been changed 
by the amount Ad. The instantaneous 
phase condition at 1 is, therefore, (¢ 
+ /@). Having reached its maximum 
value in the positive direction, the 
modulating signal swings in the oppo- 
site direction. The vector speed is 
reduced and it appears to move in the 
reverse direction, moving toward its 
original position. When the modulat- 
ing signal reaches 0 (position 2 in C), 
the vector has returned to its original 
position. The phase angle again is ¢ 
in respect to the reference. The modu- 
lating signal] continues to swing in the 
negative direction and the vector is 
carried past its original position in a 
clockwise direction. When it reaches 
its maximum negative position, at 3 
in D, the vector phase angle has been 
changed by —A gd, and the instantan- 
eous phase angle is reduced to (¢ — 
Ad). Finally, the vector returns to 
its original phase angle as the modu- 
lating signal amplitude falls to 0, at 
position 4 in E. The phase angle again 
is ¢, and the cycle is complete. The 
entire cycle of phase shift is repeated 
for each cycle of modulating signal; 
that is, the frequency of the modulat- 
ing signal is reproduced as the repe- 
tition rate of the cycle of phase shift. 


For each cycle of the modulating sig- 
nal, the relative phase of the carrier 
is varied between the values of (¢ + 
A¢) and (¢ — Ad). These two values 
of instantaneous phase, which occur 
at the maximum positive and maxi- 
mum negative values of modulation, 
are known as the phase-deviation lim- 
its. The upper limit is --Ad¢; the 
lower limit is —A¢. The relations 
between the phase-deviation limits and 
the carrier vector are given in figure 
12, with the limits of + A@ indicated. 
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Figure 12. Phase-deviation limits of a modulated 


carrier. 


(4) If the phase-modulated vector is 


plotted against time, the result is the 
wave illustrated in figure 13. The 
modulating signal is shown in A. The 
dashed-line waveform, in B, is the 
curve of the reference vector and the 
solid-line waveform is the carrier. As 
the modulating signal swings in the 
positive direction, the relative phase 
angle is increased from an original 
phase lead of 45° to some maximum, 
as shown at 1 in B. When the signal 
swings in the negative direction, the 
phase lead of the carrier over the ref- 
erence vector is decreased to minimum 
value, as shown at 2; it then returns 
to the original 45° phase lead when 
the modulating signal swings back to 
0. This is the basic resultant wave for 
sinusoidal phase modulation, with the 
amplitude of the modulating signal 
controlling the relative phase charac- 
teristic of the carrier. 


ad. P-M and Carrier Frequency. 
(1) Inthe vector representation of the p-m 


carrier, the carrier vector is speeded 
up or slowed down as the relative 
phase angle is increased or decreased 
by the modulating signal. Since vector 
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Figure 13. Phase-modulated carrier over 1 cycle of 


(2) 


modulating signal. 


speed is the equivalent of carrier fre- 
quency, the carrier frequency must 
change during phase modulation. A 
form of frequency modulation, known 
as equivalent f-m, therefore, takes 
place. Both the p-m and the equiva- 
lent f-m depend on the modulating sig- 
nal, and an instantaneous equivalent 
frequency is associated with each in- 
stantaneous phase condition. 


‘The phase at any instant is determined 
by the amplitude of the modulating 
signal. The instantaneous equivalent 
frequency is determined by the rate 
of change in the amplitude of the mod- 
ulating signal. The rate of change in 
modulating-signal amplitude depends 
on two factors—the modulation ampli- 
tude and the modulation frequency. If 
the amplitude is increased, the phase 
deviation is increased. The carrier 
vector must move through a greater 
angle in the same period of time, in- 
creasing its speed, and thereby increas- 
ing the carrier frequency shift. If the 
modulation frequency is increased, the 
earrier must move within the phase- 
deviation limits at a faster rate, in- 
creasing its speed and thereby increas- 
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ing the carrier frequency shift. When 
the modulating-signal amplitude or 
frequeney is decreased, the carrier fre- 
quency shift is decreased also. The 
faster the amplitude is changing, the 
greater the resultant shift in carrier 
frequency; the slower the change in 
amplitude, the smaller the frequency 
shift. 


(3 


~— 


The rate of change at any instant can 
be determined by the slope, or steep- 
ness, of the modulation waveform. As 
shown by curve A in figure 14, the 
greatest rates of change do not occur 
at points of maximum amplitude; in 
fact, when the amplitude is 0 the rate 
of change is maximum, and when the 
amplitude is maximum the rate of 
change is 0. When the waveform 
passes through 0 in the positive direc- 
tion, the rate of change has its maxi- 
mum positive value; when the wave- 
form passes through 0 in the negative 
direction, the rate of change is a maxi- 
mum negative value. 


(4) Curve B is a graph of the rate of 
change of curve A. This waveform is 
leading A by 90°. This means that the 
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Figure 14. Amplitude compared to rate of change of c 
signal. 
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frequency deviation resulting from 
phase modulation is 90° out of phase 
with the phase deviation. The relation 
between phase deviation and frequency 
shift is shown by the vectors in figure 
15. At times of maximum phase devia- 
tion, the frequency shift is 0; at times 
of 0 phase deviation, the frequency 
shift is maximum. The equivalent-fre- 
quency deviation limits of the phase- 
modulated carrier can be calculated by 
means of the formula, 
AF = Ad f cos (2x ft) 

where 

A\F is the frequency deviation, 
A@ is the maximum phase deviation, 
f is the modulating-signal frequency, 
cos (27 ft) is the amplitude variation 

of the modulating signal at any 

time, t. 


When (27 ft) is 0 or 180°, the signal 
amplitude is 0 and the cosine has max- 
imum values of +1 at 360° and —1 at 
180°. If the phase deviation limit is 
30°, or 7/6 radians, and a 1,000-cps 
signal modulates the carrier, then 

= a < 1,000 « +1, 

F — -+528 eps, approximately. 
When the modulating signal is passing 
through 0 in the positive direction, the 
carrier frequency is raised by 523 eps. 
When the modulating signal is passing 
through 0 in the negative direction, the 
carrier frequency is lowered by 523 
cps. 


>. Frequency Modulation 


a. When a carrier is frequency-modulated by 
a modulating signal, the carrier amplitude is 
held constant and the carrier frequency varies 
directly as the amplitude of the modulating sig- 
nal. There are limits of frequency deviation 
similar to the phase-deviation limits in phase 
modulation. There is also an equivalent phase 
shift of the carrier, similar to the equivalent 
frequency shift in p-m. 


b. A frequency-modulated wave resulting 
from 2 cycles of modulating signal imposed on 
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Figure 15. Phase deviation and frequency shift. 


a carrier is shown in A of figure 16. When the 
modulating-signal amplitude is 0, the carrier 
frequency does not change. As the signal swings 
positive, the carrier frequency is increased, 
reaching its highest frequency at the positive 
peak of the modulating signal. When the signal 
swings in the negative direction, the carrier 
frequency is lowered, reaching a minimum when 
the signal passes through its peak negative 
value. The f-m wave can be compared with the 
p-m wave, in B, for the same 2 cycles of modu- 
lating signal. If the p-m wave is shifted 90°, 
the two waves look alike. Practically speaking, 
there is little difference, and an f-m receiver 
accepts both without distinguishing between 
them. Direct phase modulation has limited use, 
however, and most systems use some form of 
frequency modulation. 


6. A-M, P-M, and F-M Transmitters 


a. General. All f-m transmitters use either 
direct or indirect methods for producing f-m. 
The modulating signal in the direct method has 
a direct effect on the frequency of the carrier; 
in the indirect method, the modulating signal 
uses the frequency variations caused by phase- 
modulation. In either case, the output of the 
transmitter is a frequency-modulated wave, and 
the f-m receiver cannot distinguish between 
them. 


b. A-M Transmitter. 
(1) In the block diagram of the a-m trans- 
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Figure 16. Comparison of f-m and p-m signals. 


(2) 


mitter (A of fig. 17), the r-f section 
consists of an oscillator feeding a buf- 
fer, which in turn feeds a system of 
frequency multipliers and/or interme- 
diate power amplifiers. If frequency 
multiplication is unnecessary, the buf- 
fer feeds directly into the intermediate 
power amplifiers which, in turn, drive 
the final power amplifier. The input 
to the antenna is taken from the final 
power amplifier. 


The audio system consists of a micro- 
phone which feeds a speech amplifier. 
The output of this speech amplifier is 
fed to a modulator. For high-level 
modulation, the output of the modula- 
tor is connected to the final amplifier 
(solid arrow), where its amplitude 
modulates the r-f carrier. For low- 
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Figure 17. Basic a-m, p-m, and f-m transmitters, 


level modulation, the output of the 
modulator is fed to the intermediate 
power amplifier (dashed arrow). The 
power required in a-m transmission 
for either high- or low-level modula- 
tion is much greater than that required 
for f-m or p-m. 


c. P-M Transmitter. In the p-m, or indirect 
f-m, transmitter, the modulating signal is 
passed through some type of correction net- 
work before reaching the modulator, as in C. 
When comparing the p-m to the f-m wave, it 
was pointed out that a phase shift of 90° in the 
p-m wave made it impossible to distinguish it 
from the f-m wave (fig. 16). This phase shift 
is accomplished in the correction network. The 
output of the modulator which is also fed by 
a crystal oscillator is applied through frequency 
multipliers and a final power amplifier just as 
in the direct f-m transmitter. The final output 
is an f-m wave. 


d. F-M Transmitter. In the f-m transmitter, 
the output of the speech amplifier usually is 
connected directly to the modulator stage, as 
in B. The modulator stage supplies an equiva- 
lent reactance to the oscillator stage that varies 
with the modulating signal. This causes the 
frequency of the oscillator to vary with the 
modulating signal. The frequency-modulated 
output of the oscillator then is fed to frequency 
multipliers which bring the frequency of the 
signal to the required value for transmission. 
A power amplifier builds up the signal before 
it is applied to the antenna. 


e. Comparisons. 


(1) The primary difference between the 
three transmitters lies in the method 
used to vary the carrier. In a-m trans- 
mission, the modulating signal con- 
trols the amplitude of the carrier. In 
f-m transmission, the modulating sig- 
nal controls the frequency of the oscil- 
lator output. In p-m, or indirect f-m, 
transmission, the modulating signal 
controls the phase of a fixed-frequency 
oscillator. The r-f sections of these 
transmitters function in much the 
same manner, although they may dif- 
fer appreciably in construction. 


(2) The frequency multipliers used in a-m 
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transmitters are used to increase the 
fundamental frequency of the oscilla- 
tor. This enables the oscillator to 
operate at low frequencies, where it 
has increased stability. In f-m and p-m 
transmitters, the frequency multi- 
pliers not only increase the frequency 
of transmission, but also increase the 
frequency deviation caused by the 
modulating signal. 

(3) In all three transmitters, the final 
power amplifier is used chiefly to in- 
crease the power of the modulated sig- 
nal. In high-level a-m modulation, the 
final stage is modulated, but this is 
never done in either f-m or p-m. 


7. A-M and F-M Receivers 


a. General. The only difference between the 
a-m superheterodyne and the two basic types 
of f-m superheterodyne receivers (fig. 18) is in 
the detector circuit used to recover the modula- 
tion. In the a-m system, in A, the i-f signal is 
rectified and filtered, leaving only the original 
modulating signal. In the f-m system, the fre- 
quency variations of the signal must be trans- 
formed into amplitude variations before they 
can be used. 


b. F-M Receiver. In the limiter-discriminator 
detector, in B, the f-m signal is amplitude-lim- 
ited to remove any variations caused by noise 
or other disturbances. This signal is then passed 
through a discriminator which transforms the 
frequency variations to corresponding voltage 
amplitude variations. These voltage variations 
reproduce the original modulating signal. Two 
other types of f-m single-stage detectors in gen- 
eral use are the ratio detector and the oscillator 
detector, shown in C. 


8. Summary 
a. The carrier has the properties of fre- 
quency, amplitude, and relative phase. 


b. In modulation, one of these three proper- 
ties of the carrier is modified. 


c. In amplitude modulation, the amplitude 
of the carrier is varied in proportion to the 
amplitude of the modulating wave. 


d. The percentage of modulation of an a-m 
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Figure 18. Basie a-m and f-m receivers. 


wave is the percentage ratio of the peak-to-peak 
amplitude of the modulating voltage to the peak- 
to-peak amplitude of the carrier. 


e. In amplitude modulation, the modulated 
wave consists of the carrier wave and of fre- 
quencies equal to the sum and difference be- 
tween the carrier and the modulating frequency, 
called side bands. 


f. The intelligence is contained in the side 
bands. 
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g. A-m has the disadvantage of being suscep- 
tible to some types of noise and interference. 


h. In phase modulation, the instantaneous 
phase of the signal is varied by the modulating 
signal. 


zt. A change in phase is equivalent to an in- 
stantaneous change in frequency. 


j. In a phase-modulation system, the equiva- 
lent frequency deviation is proportional to the 
frequency of the modulating signal. 
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kk. When the carrier frequency is varied di- 
rectly, the process is called direct f-m. 


l. When the carrier frequency is varied indi- 
rectly, the process is called indirect f-m. 


m. In a frequency-modulation system, the 
frequency varies directly with the amplitude of 
the modulating signal. The amplitude of the 
modulated wave remains constant, and the 
equivalent phase varies about a mean value. 


9. Review Questions 


a. What is meant by modulation of a carrier 
wave? 


b. Name the most widely used types of modu- 
lation. 


c. When a wave is amplitude-modulated 100 
percent, what is the relationship between the 
amplitude of the modulating signal and that of 
the carrier? 
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d. What causes overmodulation of an a-m 
signal? 


e. How many side bands are produced in a 
wave that is amplitude-modulated by a single 
sinusoidal tone? 


f. What are the principal disadvantages of 
a-m? 
g. Define phase deviation. 


h. What happens to the instantaneous fre- 
quency during phase deviation? 


1. How does the frequency of a p-m wave 
change during a cycle of modulating voltage? 


j. How does the frequency of the f-m wave 
change during a single cycle of modulating 
voltage? 


k. What characteristic of the modulating 
wave determines the maximum frequency devi- 
ation of an f-m wave? 
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CHAPTER 2 
PRINCIPLES OF F-M 





10. Frequency-Modulated Wave 


a. Modulating Signal Amplitude and Fre- 
quency Deviation. 


(1) In a frequency-modulated wave, the 
frequency varies instantaneously 
about the unmodulated carrier fre- 
quency in proportion to the amplitude 
of the modulating signal. When the 
modulating signal increases in ampli- 
tude, the instantaneous frequency in- 
creases, and when the modulating sig- 
nal decreases, the frequency decreases. 


(2) A radio-frequency carrier and an 
audio-frequency signal are shown sep- 
arately in A and B of figure 19. When 
they are combined in the modulation 
process, the resultant signal is the f-m 
wave in C. As the amplitude of the 
audio signal increases in the positive 
direction, the modulated wave seems 
to bunch up, spreading out when the 
audio signal goes in the negative direc- 
tion. These changes in the spacing of 
the modulated wave are caused by in- 
stantaneous changes in frequency. 
When the modulating signal is in- 
creased in amplitude, as in D, the 
changes in the spacing of the wave are 
proportionally greater, asin F. There- 
fore, the frequency deviation of the 
modulated wave is directly propor- 
tional to the amplitude of the modu- 
lating signal. When the audio voltage 
reaches its peak value in the positive 
direction, the frequency of the carrier 
is at its highest value above the center 
value. When the modulating voltage 
reaches its negative peak, the fre- 
quency of the carrier wave is reduced 
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to its lowest value below that of the 
center carrier frequency. Maximum 
frequency deviation, therefore, takes 
place at the peaks of the audio signal. 


b. Signal Frequency and Deviation. Figure 
20 shows that each cycle of the modulating volt- 
age, A, produces a corresponding variation in 
the frequency of the carrier wave, C. Two cycles 
of the audio wave produce 2 cycles of frequency 
change in the carrier. In D, the frequency of 
the modulating wave is increased so that in the 
same time interval the signal undergoes 3 com- 
plete cycles. Under this condition, the maxi- 
mum frequency deviation remains the same as 
before; this is because the amplitude of the 
modulating wave has not been changed. The 
effective result of raising the frequency of the 
modulating signal is shown by comparing C and 
F. The audio signal is superimposed on the 
modulated carrier to demonstrate more clearly 
the relationship between the frequency of the 
modulating signal and the frequency changes in 
the carrier. This comparison indicates that, 
with a higher modulating frequency, the modu- 
lated wave deviates more frequently. However, 
the limits of frequency deviation are the same, 
regardless of the modulating frequency, since 
the audio signal is of constant amplitude. 


c. Characteristics of F-M. The most impor- 
tant characteristics of a frequency-modulated 
wave are as follows: The amplitude of the mod- 
ulated wave remains constant; the frequency of 
the modulated wave varies directly as the ampli- 
tude of the modulating signal; the limits of fre- 
quency shift on either side of the carrier are 
known as the frequency deviation limits. In an 
f-m system, the frequency of the modulating 
voltage determines the number of times per 
second that the frequency shifts between the 
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deviation limits. The higher the frequency of 
the modulating signal, the greater number of 
times per second the frequency varies between 
the deviation limits set by the peak amplitude 
of the modulating signal. The ratio between the 
maximum frequency deviation and the maxi- 
mum frequency of the modulating signal is 
called the modulation index. 
maximum frequency 
deviation 

maximum frequency of 

modulating signal 

d. Percentage of Frequency Modulation. 
The percentage of modulation of an f-m signal 
cannot be determined in the same manner as an 
a-m signal because 100-percent modulation 
would mean that the entire carrier varies in 
frequency from 0 to twice the carrier frequency. 
Percentage of modulation in f-m is defined as 
the percentage of maximum deviation incorpor- 
ated in a transmitter for a particular type of 
service. For an f-m transmitter with maximum 
deviation of 75 ke, 100-percent modulation oc- 
curs when the transmitter deviates the full 7& 
ke. When the deviation falls to 3714 ke, the 
transmitter is being modulated only 50 percent. 
Such a definition is flexible, of course, and de- 
pends on the maximum deviation of the equip- 
ment used. 


Modulation index = 





11. Side Bands 


a. Amplitude Modulation. 


(1) The intelligence superimposed on the 
carrier wave generates side-band fre- 
quencies closely adjacent to the carrier 
frequency. The generation of the side 
bands actually is the purpose of modu- 
lation, since the modulating energy 
cannot travel through space by itself. 
In an amplitude-modulated wave, the 
information represented by a sinusoid- 
al modulating signal is carried in two 
side bands spaced on each side of the 
carrier frequency by an amount equal 
to the frequency of the modulatinz 
wave. 

If the modulating signal is composed 
of more than one sinusoidal wave, two 
side bands are generated for each 
sinusoidal component of the modulat- 
ing wave. The greater the number of 
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modulating frequencies present, the 
greater the number of side bands pro- 
duced. However, only one pair of side 
bands is present for each frequency in 
the modulated wave, and the side 
bands farthest away from the carrier 
are those of the highest modulating 
frequency. Therefore, if the transmit- 
ter is amplitude-modulated no more 
than 100 percent, the bandwidth occu- 
pied by an a-m carrier and its side 
bands is twice the highest audio fre- 
quency in the modulating wave. 


(3) In figure 21, frequency is plotted hori- 


zontally and the power contained in 
a signal of a particular frequency 
governs the vertical height. The car- 
rier wave produced by the transmitter 
has only one frequency and its ampli- 
tude appears as a sharp line. Its 
power, represented by the heavy cen- 
ter line, is determined by the capa- 
bilities of the equipment. When a sine- 
wave signal from the audio power 
amplifier is combined with the carrier 
in the modulator stage, two identical 
side-band frequencies appear on either 
side of the carrier. The power of the 
applied audio signal is divided between 
them, and they are separated from the 
carrier by a frequency difference equal 
to the frequency of the audio signal. 
The carrier frequency of 1,000 ke is 
amplitude-modulated by a 5-kce tone, 
producing two side bands of equal 
power at 995 and 1,005 ke respectively, 
which are shown adjacent to the line 
representing the carrier. When a 10- 
ke modulating signal is added to the 
first. two additional side-band pairs 
appear, having frequencies of 990 and 
1,010 ke, respectively. 


b. Frequency Modulation. 
(1) In an f-m wave, the amplitude of the 


modulating signal determines the de- 
parture of the instantaneous fre- 
quency from the center, or carrier fre- 
quency. The instantaneous frequency 
can be made to deviate as much as 
desired from the carrier frequency by 
changing the amplitude of the modu- 
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Figure 21. A-m carrier and side bands. 


lating signal. It is possible to obtain 
a frequency deviation many times the 
frequency of the modulating signal it- 
self. In practical equipment, this de- 
viation frequency may be as high as 
several hundred _ kilocycles, even 
though the modulation frequency is 
but a few kilocycles. Therefore, the 
side bands generated by f-m are not 
restricted to the sum and difference 
between the highest modulating fre- 
quency and the carrier, as in a-m. 


(2) Whereas in a-m, only two side bands, 
spaced equally on both sides of the 
carrier frequency, are generated, in 
f-m, many side bands are generated 
depending both in number and ampli- 
tude on the modulation index. The 
first pair of side bands in an f-m sig- 
nal are those of the carrier frequency 
plus and minus the modulating fre- 
quency, and a pair of side bands will 
appear also at each multiple of the 
modulating frequency. As a. result, 
an f-m signal occupies a greater band- 
width than does an a-m signal. For 
example, if a carrier of 1 me (mega- 
cycle) is frequency-modulated by an 
audio signal of 10 ke, several side 
bands will be spaced equally on either 
side of the carrier frequency at 990 
and 1,010, 980 and 1,020, 970 and 
1,030, and so on. The total number 
present of significant amplitude (more 
than 1 percent of the amplitude of the 
unmodulated carrier) depends on the 
modulation index. With a high modu- 
lation index, more side bands are of 
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appreciable amplitude, and the band- 
width is correspondingly greater. 


c. Bandwidth. The maximum bandwidth of 
an amplitude-modulated transmission is twice 
that of the maximum frequency present in the 
modulating wave. Since the bandwidth in an 
f-m transmitter can exceed this by many times, 
the ratio of the bandwidth occupied to the abso- 
lute carrier frequency can be considerably 
larger than that of a-m transmitters. When a 
very wide bandwidth is used (wide-band f-m), 
it is necesary to choose a carrier frequency suf- 
ficiently high that the bandwidth is a small per- 
eentage of the carrier frequency, in order to 
permit a reasonable number of assigned chan- 
nels. The f-m transmitter, however, can be ad- 
justed so that the maximum bandwidth does not 
exceed that of an equivalent a-m transmission— 
that is, for the production of only one pair of 
side bands with significant amplitude. When 
the f-m transmitter is adjusted for a deviation 
that produces a bandwidth equal to that pro- 
duced by an equivalently modulated a-m trans- 
mitter, it is called nfm (narrow-band f-m). 
With this narrow bandwidth, the transmitter 
can be operated at much lower frequencies (gen- 
erally below 40 mc). 


d. Relation Between Modulating Signal, De- 
viation, and Bandwidth. There are definite re- 
lations between the amplitude of the modulat- 
ing signal, its frequency, the frequency devia- 
tion it produces, and the total bandwidth occu- 
pied by the resultant modulated f-m wave. If 
the frequency deviation is kept constant, the 
number of side bands increases as the modulat- 
ing frequency decreases, and the total band- 
width occupied decreases as the modulating 
frequency decreases. The total bandwidth, how- 
ever, can never be less than the bandwidth set 
by the peak-to-peak deviation alone, no matter 
how low the frequency of the modulating signal 
becomes. If the amplitude of the modulating 
signal increases and its frequency remains con- 
stant, the deviation increases, and the modula- 
tion index increases. This means that more 
energy goes into the outer side bands and cor- 
respondingly more of them increase to signifi- 
cant amplitude. The result is an increase in the 
number of useful side bands, as well as an in- 
crease in bandwidth. 
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e. Side-Band Spectrum and Modulation In- 
dex. The position of the side-band pairs for a 
single sinusoidal modulating wave depends only 
on the frequency of the modulating wave. The 
amplitude of the side bands depends on the ratio 
of the maximum frequency deviation of the car- 
rier to the frequency of the modulating wave; 
that is, on the modulation index. The modula- 
tion index, in turn, depends on the amplitude of 
the modulating signal, because frequency devia- 
tion is proportional to signal amplitude. For a 
given modulation index and sinusoidal modulat- 
ing frequency, the side-band pairs appear on 
either side of the carrier frequency (fig. 22). 
All the side-band components taken together 
form the frequeney spectrum of the f-m wave. 
For example, if the modulating frequency is 15 
ke and the frequency deviation is 75 ke, the 
modulation index will be 75/15, or 5, and the 
frequency components beyond the eighth pair 
of side bands will be less than 1 percent of 
the unmodulated carrier amplitude, and con- 
sidered negligible. 

f. Carrier Amplitude. 

(1) The f-m wave consists of a center ov 
carrier frequency and a number of 
side-band pairs, which, for a given 
audio frequency and amplitude, are 
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constant. However, the resultant wave 
varies in frequency but is constant in 
amplitude. This resultant wave is the 
algebraic sum of the components 
which form it, and the carrier or cen- 
ter frequency will vary in amplitude 
with the modulation. When the trans- 
mitted signal is unmodulated, there 
is a certain constant amount of power 
in the carrier signal. When modula- 
tion is applied, power is taken from 
the carrier and forced into the side 
bands: therefore, the carrier ampli- 
tude, or center-frequency component, 
is reduced. The maximum power (fig. 
22) is carried in the fourth side band, 
which is 4 times 15, or 60 ke, away 
from the carrier frequency. 


The carrier frequency or center-fre- 
quency component changes in ampli- 
tude with modulation, whereas, in a-m, 
the power for the side bands is sup- 
plied by the modulator and is not 
drawn away from the carrier. Since 
no information is in the carrier, re- 
ducing its amplitude increases the effi- 
ciency of operation in terms of power 
consumed. For some value of modula- 
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Figure 22. Frequency spectrum of f-m wave. 
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tion index and modulating frequency, 
carrier amplitude falls to 0 and all 
the power is contained in the side 
bands. 


g. Numerical Values of Side Bands. 
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(1) 


(2) 


In figure 22, with a frequency devia- 
tion of 75 ke and a modulating fre- 
quency of 15 kc, the center-frequency 
component is reduced to less than 20 
percent of its unmodulated amplitude. 
If the modulating frequency is reduced 
to 5 ke with the same frequency devia- 
tion of 75 ke (fig. 23), the center fre- 
quency is reduced to only 1.4 percent 
of its unmodulated value. The side 
bands are spaced every 5 kc on either 
side of the center frequency out to the 
nineteenth pair of side bands, and all 
subsequent side bands are less than 
1 percent of the unmodulated carrier 
amplitude. 

For the 15-kec modulating frequency 
of figure 22, with a modulation index 
of 5, the total bandwidth is 240 ke. In 
figure 23, with a 5-ke modulating fre- 
quency and a modulating index of 25, 


100,—— ——— —— —— —— —— —— 


RELATIVE AMPLITUDE 


the total bandwidth occupied is 190 ke. 
The bandwidth of both is greater than 
the deviation limits of +75 ke, which 
is equal to a peak-to-peak deviation of 
150 ke. However, the side bands above 
or below the limit are relatively small 
in amplitude and can be disregarded. 
In both figures, the unmodulated car- 
rier is shown in dashed lines for com- 
parison with the amplitudes of the f-m 
side bands. 


h. Side-Band Amplitude Computations. 


(1) 


The relationship between the ampli- 
tudes of the side bands and an audio- 
modulating frequency for a modula- 
tion index of 2 is shown in figure 24. 
The deviation is 30 ke, with a modu- 
lating frequency of 15 kc. The modu- 
lated carrier wave, which is the re- 
sultant of the algebraic sum of the 
carrier and side bands is shown in A, 
with the modulating frequency, fa, 
superimposed on it. At the positive 
peaks of the modulation cycle, the 
instantaneous frequency of the wave 
is fe plus fp, the frequency peak devia- 
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Figure 23. Another f-m frequency spectrum. 
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tion, whereas at the negative peaks 
the frequency is fy minus fp. The peak- 
to-peak deviation is, therefore, 2fp. If 
the carrier frequency is 100 mec with 
a frequency deviation of 30 ke, then 
the lower deviation limit is 99.97 me 
and the upper one is 100.03 mc. There 
are four side-band pairs whose ampli- 
tudes exceed the 1-percent level and 
some of these are greater in amplitude 
than the center frequency. These are 
spaced on either side of the carrier 
frequency at intervals of 15 ke, as in 
C, D, E, and F, and each side-band 
pair has an amplitude as shown in G. 
The center frequency is reduced in 
amplitude to 22.4 percent of the un- 
modulated value. The first side-band 
pair at 99.985 me and 100.015 mc has 
an amplitude of 57.7 percent of the 
unmodulated carrier value; the second 
side-band pair at 99.97 and 100.03 me 
is 35.3 percent of the unmodulated car- 
rier; and so on. 


(2) To compute these bandwidths and side- 
band amplitudes, tables and graphs 
are available. Table I shows the num- 
ber of effective side-band pairs for a 
given modulation index, and also the 
effective bandwidth that results for a 
given audio-modulating frequency, f5. 
To compute the number of side-band 
pairs from the table, it is necessary tc 
know the frequency deviation and the 
modulating frequency. The quotient 
of the two determines the modulatior. 
index, which in turn determines the 
number of effective side-bands pairs. 
For example, if the deviation is 25 kc 
and the modulating frequency is 5 ke, 
the modulation index is 5. From table 
I, a signal with a modulation index of 
5 has eight effective side-band pairs, 
and the bandwidth is 16 times the 
modulating frequency of 5 ke, or 80 ke. 
The modulation indices that are less 
than .5 have only one pair of effective 
side bands and their effective band- 
widths are all equal to 2f,;. When us- 
ing table I, if the modulation index is 
some fractional value, use the nearest 
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Figure 24. F-m carrier and side bands. 


whole number. If the modulation in- 
dex is 814, the number of effective 
side-band pairs for 8 is used; if it 
should be 8°, the figure for 9 is used. 
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Figure 25. Bandwidth and modulation index. 


Table I. Effective Bandwidth for Modulation Index 
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(3) The same relationship is shown graph- 


ically in figure 25. The modulation 
index is plotted horizontally and the 
increase in bandwidth over the peak- 
to-peak deviation is shown vertically. 
A modulation index of 5 produces an 
increase of bandwidth of .6 or 60 per- 


cent. The peak-to-peak deviation is 2 
times 25, or 50 ke. Sixty percent of 
50 ke is 30 ke, and 30 ke plus 50 kc is 
equal to 80 ke. This is the same value 
as obtained with table I. The graph 
is especially useful in finding frac- 
tional values and modulation indices of 
less than one-half and more than 25. 


i. Bandwidth and Guard Bands. The effective 
side bands must be at least as far from the car- 
rier as the frequency deviation limits. Because 
of this, it is necessary to provide a channel or 
bandwidth that will handle the highest side- 
band component, plus a guard band that will 
absorb any side bands that extend beyond these 
limits. Since the modulating signal cannot al- 
ways be specified and can vary over wide limits, 
it is easier to assign the channel in terms of 
deviation limits, and then to set aside some addi- 
tional frequency space for guard bands on 
either side of the deviation limits. The channel 
with the guard bands assures a minimum 
amount of interference to stations operating on 
adjacent frequencies. In addition, the center 
carrier frequency of a particular station may 
vary from the assigned value and cause inter- 
ference to stations on adjacent channels. The 
guard bands help to prevent this. 


12. Types of Modulating Signals 


a. Nonsinusoidal Modulating Waves. The 
preceding paragraphs are based on the assump- 
tion that the carrier wave was modulated by 
only one audio frequency that was sinusoidal in 
form. In general, waves containing information 
are neither sinusoidal nor composed of only 
one frequency. Moreover, the waves need not 
even be continuous; that is, they can start or 
stop abruptly. The modulation of the carrier 
by a nonsinusoidal wave can be understood by 
analyzing the character of the modulating wave. 
Waveforms can be analyzed as the sum of a 
number of sine waves of various amplitudes and 
frequencies. In respect to the frequency modu- 
lation of a carrier by a nonsinusoidal, discon- 
tinuous wave, the effective frequency variations 
follow the variations in the amplitude of the 
wave, just as they do in the sinusoidal wave. 
Therefore, the frequency deviation is still pro- 
portional to the peak amplitude of the signal, 
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although the variations are not as regular in a 
given time interval as they are in sine-wave 
modulation. 


b. Speech Modulation. In normal speech, 
many different frequencies are present at the 
same time in the equivalent electrical wave. 
These frequencies range from 100 to 8,000 eps. 
For good intelligibility of speech only those be- 
tween 300 and 3,000 cps need be transmitted. 
The average frequency content of speech de- 
pends on the voice of the speaker and on what 
he is saying; therefore, it is impossible to pre- 
dict the side bands accurately. Standards must 
be set up that will duplicate the average speech 
spectrum, and a combination of 300 to 3,000 cps 
generally is used. The energy in high-pitched 
speech tones is much lower than in low-pitched 
speech, the amplitude of the 3,000-cps compo- 
nent being only one-tenth of the 300-cps com- 
ponents in a normal male voice. Therefore, the 
level of the 3,000-cps tone must be lower in 
amplitude to simulate the real qualities of 
speech. This means that the deviation for the 
high frequencies is correspondingly less, and 
the bandwidth is less than expected if it is as- 
sumed that equal intensities are used at 300 and 
3,000 cps. Therefore, the bass frequencies cause 
the greatest deviation, even though the higher 
frequencies, if of equal intensity, tend to cause 
a wider bandwidth. 


c. Pulse Modulation. 


(1) When amplitude modulation with twe 
audio frequencies is superimposed on 
the carrier, a pair of side bands is pro- 
duced for every sine-wave component 
in the modulated wave. This fact can 
be demonstrated for as many compo- 
nents as are necessary to make up any 
given waveshape. A of figure 26 shows. 
a rectangular wave composed of a 
large number of sine waves of various 
amplitudes and frequencies added to-. 
gether. Similarly, any other nonsinu- 
soidal waveform can be analyzed ir. 
terms of a number of component sine 
waves. 


(2) When nonsinusoidal waveforms am- 
plitude-modulate a signal, they pro- 
duce the same side bands that would 
be present if all of the sine waves to 
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Figure 26. Sine-wave components of rectangular wave. 


which they are equivalent were pres- 
ent. For example, rectangular ampli- 
tude modulation of a carrier wave pro- 
duces side bands in symmetrical pairs 
about the carrier in relation to the 
amplitudes and frequencies of the sine- 
wave equivalent of the modulating 
waveform. This produces the spec- 
trum of side bands shown in B. Each 
component making up the wave in A 
is plotted in terms of frequency and 
amplitude. This type of signal fre- 
quently is designated under a separate 
category as pulse modulation. Intelli- 
gence can be transmitted in such a 
system by controlling the amplitude, 
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width, spacing, and position of the 
pulses. Frequency modulation, with 
the modulating wave in the form of 
rectangular pulses, is used in /fre- 
quency-shift telegraphy. The fre- 
quency of the carrier is shifted 
abruptly between two values in ac- 
cordance with the rectangular pulses 
received from a teletypewriter. Tri- 
angular pulses derived from certain 
types of facsimile transmitters for 
picture transmission are used also. 


ad. Side Bands—-Complex Waves. 
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(1) 


(2) 


When a sine-wave frequency modu- 
lates a carrier, many side bands are 
produced on either side of the carrier. 
These side bands are simple multiples 
of the modulating frequency with up- 
per and lower side bands being iden- 
tical in amplitude and symmetrical 
about the carrier. 


Assume that a signal of 5 ke modu- 
lates a carrier wave and produces 10- 
ke deviation, while at the same time 
a 10-ke signal modulates the carrier 
and produces a 10-ke deviation. The 
spectrum produced by the two signals 
tends to interact in a complicated way, 
depending on the amplitude and phase 
of the various side-band components. 
Not only the spectrum of each com- 
ponent is produced, but all possible 
combinations of each component with 
every other are present. Not all of 
these combinations, however, are of 
significant amplitude and the result is 
the production of the spectrum shown 
in figure 27. The actual instantaneous 
frequency deviation of the signal is the 
resultant of the sum of the two waves. 
That is, the two modulating waves add 
vectorially to produce a third that ac- 
tually modulates the carrier, as shown 
in B. 


Jt can be seen that this spectrum is 
symmetrical about the carrier fre- 
quency but no longer corresponds to 
the spectrum of either component 
alone. Assume, however, that the de- 
viation produced by the two compo- 
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Figure 27. F-m for two modulating signals. 
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nent waves is not the same. In figure 
28, a 5-ke signal produces a 30-ke devi- 
ation, and a 10-ke signal produces a 
10-ke deviation. The modulating wave 
is shown with each of its components 
in B. The dotted line represents a 5-ke 
wave at three times the amplitude of 
the 10-ke wave. Since the deviation 
is proportional to the amplitude of the 
modulating signal, the amplitude of 
the wave producing 30-ke deviation is 
three times that of the wave producing 
10-ke deviation. The result of combin- 
ing the two waves is shown by the 
heavy black line, and it is this wave 
that causes the actual frequency devia- 
tion. The resultant spectrum is shown 
in A, and it is not symmetrical in re- 
spect to the carrier. 


In general, for a modulating signal 
that contains more than one sine wave, 
the side-band spectrum is not symmet- 
rical about the carrier unless the mod- 
ulating signal is symmetrical about the 
horizontal axis. For example, the 
wave (heavy line) in A of figure 27 is 
the same above and below the axis. 
This is not true of the wave in B of 
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Figure 28. F-m for signals producing different 
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deviations. 


figure 28. The upper side band is asso- 
ciated with the shape of the positive 
half of the wave, whereas that of the 
lower side band depends on the nega- 
tive half. This stems from the basic 
fact that an increase in amplitude of 
the modulating signal produced an in- 
crease in the instantaneous frequency 
of the carrier. Moreover, the energy 
in the side bands is distributed in ac- 
cordance with the shape of the modt- 
lating wave. The effective bandwidth 
of the signal is increased, depending 
on whether the addition of the equiva- 
lent component sine waves of the com- 
plex waveform increases or decreases 
the peak deviation of the signal. 

Using the graph shown in C of figure 
29, it is possible to determine the band- 
width of the signal with pulse modula- 
tion. For a wave with rectangular fra- 
quency modulation, shown in A, the 
spectrum is that in B. The maximum 
bandwidth required depends on the 
modulation index. This chart is used 
in the same manner as figure 25. When 
the deviation and the repetition rate 
of the rectangular pulses are known, 
the modulation index can be found by 
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dividing the deviation by the repeti- 
tion rate. 

For example, a frequency-shift tele- 
graph transmitter deviation is 10 kc. 
(Each pulse of modulating signal 
shifts the frequency abruptly 10 kc). 
If the pulse repetition rate is 1,000 
eycles per second, the modulation 
index is equal to 

deviation a — 10 

pulse repetition rate lke — 
Entering the horizontal axis at a mod- 
ulation index equal to 10, intersect 
with the curve at an increase in band- 
width of 2.25. The peak-to-peak devi- 
ation is 10 times 2 =- 20 ke. The in- 
crease in bandwidth is, therefore, 20 
times 2.25 — 45 ke, and the total band- 
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Figure 29. Rectangular modulation. 
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e. Bandwidth Limits for 
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width is 20 plus 45 — 65 ke. The chart 
is computed with the pulse present 
one-quarter of the total time. 


If the modulating wave is triangular, 
as shown in A of figure 30, it produces 
the spectrum shown in B, and the total 
bandwidth can be calculated from the 
curves in C. This chart is used in the 
same manner as the one for the rec- 
tangular pulse. The modulation index 
is the quotient of the deviation and the 
repetition rate. 


Nonsinusoidal 


Speech Modulation. 
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The wide-band f-m wave contains 
numerous side bands that are distrib- 
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Figure 30. Triangular modulation. 
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uted on either side of the carrier fre- 
quency. For sinusoidal modulating 
waves, the side bands are distributed 
equally above and below the carrier 
frequency. However, since most speech 
waves are not sinusoidal, the side 
bands in general are not of equal am- 
plitude above and below the carrier. 
The number of side bands produced by 
a speech wave exceeds the number of 
sinusoidal components by a consider- 
able amount. Moreover, the amplitude 
and the phase of each of these side 
bands vary in relation to the carrier 
frequency. Beyond certain frequency 
limits, however, the power contained 
in the outer side bands becomes very 
small, and so for all practical purposes 
they can be neglected. The point be- 
low which the side-band energy is 
negligible is arbitrary, depending on 
the kind of equipment that must be 
operated in the adjacent channel. As 
with sinusoidal modulation, when the 
the amplitude of the side-band com- 
ponent is less than 1 percent of the un- 
modulated carrier value, it is con- 
sidered negligible. 


When the modulating signal is a mix- 
ture of many different waves distrib- 
uted throughout the audio range, the 
ratio between frequency and phase 
deviation is hard to determine. The 
ratio of peak deviation in frequency 
to peak phase swing (swing ratio), 
measured in radians, gives some idea 
of the different conditions that prevail. 
This ratio, which is a constant for a 
simple sinusoid with a given modula- 
tion index, varies considerably with 
speech waves, depending on whether 
the modulation is indirect f-m or di- 
rect f-m. It is also dependent on the 
microphone, the characteristics of the 
audio-frequency amplifier, and how 
the total modulation applied to the 
transmitter is controlled to prevent 
overmodulation. In general, the swing 
ratio is greater than unity in an indi- 
rect f-m transmitter, whereas in a 
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direct f-m transmitter it is less than 
or equal to one. 

This means that in direct f-m trans- 
mitters the swing, or deviation in kilo- 
cycles, can be less for a given phase 
deviation than the expected value for 
a sine wave when speech is used. Con- 
versely, the frequency deviation in an 
indirect f-m transmitter is more than 
the sine-wave value by as much as 50 
percent, all depending on the character 
of the microphone, the audio amplifier, 
modulation limiting devices, and so 
forth. The importance of this relation- 
ship is that a directly modulated f-m 
transmitter has less peak deviation 
on speech waves than an indirect f-m 
transmitter when set for the same de- 
viation, using a sine-wave source. 


13. Preemphasis and Deemphasis 


a. Preemphasis. 
(1) In the transmitters used to convey 


speech, the deviation is the same for a 
given amplitude regardless of the fre- 
quency of the modulating signal. How- 
ever, as signals pass through the trans- 
mitter, the receiver, and the space be- 
tween them, certain amounts of un- 
wanted noise and distortion are super- 
imposed on the desired speech. This 
noise is distributed uniformly through- 
out the audible spectrum. Therefore, 
the ratio of the signal] to the unwant- 
ed noise decreases in the higher fre- 
quencies because the speech amplitudes 
in this range do not have the intensity 
that the lower frequencies have. More- 
over, the distortion increases in the 
high-frequency portion of the spec- 
trum. The high frequencies make the 
greatest contribution to intelligibility 
of speech waves, since the consonants, 
which form the majority of speech 
sounds, have their peak energy in this 
part of the audio band. 


(2) To avoid degrading the reproduction 
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of consonants through poor signal-to- 
noise ratio in the upper end of the 
spectrum, a certain amount of added 
amplification (preemphasis) is pro- 


(3 


— 


vided for these frequencies. The re- 
sult of this process should not sound 
unnatural when received, and the re- 
verse procedure, deemphasis, there- 
fore is used at the receiver. This com- 
bination of preemphasis and deem- 
phasis provides a more uniform signal- 
to-noise ratio throughout the audio 
range. A transmitter using preempha- 
sis has a wider side-band spectrum for 
speech than one without it. In gen- 
eral, the bandwidth of a speech signal 
deviating a transmitter 100 percent 
with preemphasis is about one-third 
greater than the deviation limits. If 
the deviation is 75 kc, for example, the 
total bandwidth at 100-percent modu- 
lation is about 200 ke (150 plus 50). 


The fact that preemphasis results in 
a greater bandwidth for a given devia- 
tion always must be taken into ac- 
count. However, the possibility of over- 
modulation is not likely, since the high- 
frequency components of the signal 
originally are weak and the preem- 
phasis merely brings them up to the 
level of the low tones. It does not 
cause overmodulation of an f-m trans- 
mitter, although the deviation limits 
set for the particular unit will be in- 
creased. It has been shown that the 
effective bandwidth increases as the 
audio frequency increases, and also 
that, as the upper audio frequency in- 
creases in level, more and more of the 
outer side bands rise above the 1-per- 
cent margin. 


(4) The preemphasis characteristic of an 


f-m transmitter can be specified by a 
graph (fig. 31) showing the relation- 
ship between the audio input and the 
modulated output. The frequency of 
the audio spectrum is plotted horizon- 
tally, and the output of the unit for 
an input that is constant in respect 
to frequency is shown vertically. This 
curve shows that the output remains 
relatively constant from 50 to about 
500 cps and then rises abruptly to a 
peak at 15,000 cps. Since this rise is 
specified in db (decibels), a change of 
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6 db means a doubling of the ampli- 
tude of the signal. Therefore, when the 
graph shows a rise of 18 db from 
1,000 to 15,000 cps, it means that the 
amplitude has doubled three times. 
The resultant output at 15 ke, there- 
fore, is 2 times 2 times 2, or 8 times 
the output at 1,000 cps. 


b. Deemphasis. At the receiver, the reverse 
characteristic of preemphasis is used so that 
the natural balance between high and low fre- 
quencies in speech is not upset. The charac- 
teristics of preemphasis and deemphasis nor- 
mally are achieved by simple electrical combina- 
tions of resistance, capacitance, and inductance 
connected to give the desired relationship be- 
tween the input and the output voltages of the 
network. The characteristics of speech are 
complicated, and, therefore, the networks 
chosen represent a compromise between dupli- 
cating the exact loss of high frequencies and 
using as few parts as possible. In general, pre- 
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emphasis and deemphasis circuits are very sim- 
ple combinations of a capacitor and a resistor, 
or an inductor and a resistor. 


ec. Preemphasis Network. A simple preem- 
phasis network consisting of an inductor and a 
resistor connected in the grid circuit of a vac- 
uum-tube amplifier is shown in A of figure 32. 
In this circuit the audio voltage is impressed 
across the inductor and the resistor in series, 
and the output is taken across the inductor. 
Since the impedance of the coil rises with fre- 
quency, and the resistance remains constant, 
the voltage across the coil rises. The ratio of 
inductance to resistance determines the time 
constant of the combination, and the preem- 
phasis characteristic can be specified complete- 
ly in terms of the time constant. When the in- 
ductance is given in henrys and the resistance 
in megohms, the time constant is in microsec- 
onds. For example, calculate the time constant 
of the network (fig. 32) which contains a resis- 
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Figure 31. Preemphasis curve. 
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Figure 32. Networks. 


tance of 100,000 ohms (.1 meg) and an induc- 
tance of 7.5 henrys. 
Time constant = L = 7.5 = 75 microseconds 
R 1 
For the specific ratio of inductance to resistance 
in figure 32, the graph of output voltage in re- 
spect to input voltage is shown in figure 31. 


d. Deemphasis Networks. The deemphasis 
at the receiver must be the reverse of the pre- 
emphasis characteristic. This is accomplished 
by making the time constant of the resistor and 
capacitor in B of figure 32, equal te that of the 
preemphasis circuit. Since capacitive reactance 
decreases with increased frequency, the volt- 
age across it decreases as the frequency rises. 
When the proper time constant is chosen, the 
higher frequencies are restored to their normal 
values. If the capacitor is in microfarads and 
the resistance is given in ohms, the product of 
R times C gives the time constant in micro- 
seconds. For example, in the circuit in B, the 
capacitor is .001 »f (microfarad) and the re- 
sistance is 750,000 ohms. What is the time 
constant? 

Time constant == R x C — 750,000 « .001 = 

75 microseconds 
This is the same time constant as that of the 
inductor and resistor in A. 


14. Noise and Communication 


a. General. One of the greatest disadvan- 
tages in transmitting information by amplitude 
modulation is the susceptibility of an a-m signal] 
to both natural and man-made noises. Some of 
the disadvantages of a-m with regard to noise 
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and freedom from interference can be overcome 
by using frequency modulation. Although f-m 
is not the most efficient system for overcoming 
noise, it is one of the easiest methods to apply. 
Modulation by means of short pulses of energy 
is more efficient, but the transmitters are much 
more complicated than those used for f-m. They 
seldom are employed except where large, cum- 
bersome equipment can be used. 


b. Impulse and Fluctuation Noise. Most man- 
made noises fall into two general classifications ; 
impulse noise and fluctuation noise. Impulse 
noise consists of sharp pulses of r-f voltage 
which, when detected in a receiver, take the 
form of equally sharp pulses of audio voltage. 
They are often many hundreds of times greater 
in amplitude than the desired signal and make 
it impossible for the desired signal] to be re- 
ceived. Perhaps the most common producers 
of impulse noise are the ignition systems of 
gasoline engines. Since many radio applica- 
tions call for the installation of communication 
equipment in military vehicles, impulse noise 
is a problem. Steps are taken to eliminate as 
much of this noise as possible in military ve- 
hicles, but such elimination measures can never 
be perfect. There is always a residual com- 
ponent of the noise which may cause serious 
difficulties if the received signals are weak. 
The second kind of man-made noise, called fluc- 
tuation noise, is of a more continuous character. 
It appears as a broad band of many pulses which 
bear little or no relation to each other. Such 
noises are produced to a great extent by rotat- 
ing electrical machinery, gas rectifiers, high- 
voltage transmission lines, and similar power 
devices. The noise from a small motor, al- 
though frequently weaker than the signal by a 
considerable amount, is capable of causing se- 
vere interference and possible interruption to 
a-m reception. 


c. Noise Transmission. Man-made noise can 
reach the receiver in several possible ways. It 
can be received as a radiated signal along with 
the desired signal, or it can be picked up at the 
input of the receiver by transfer of energy 
through the capacitance between the antenna 
and the noise-producing device. Power lines in 
the vicinity of the antenna to which a noise- 
producing device is connected may induce a 
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noise directly in the antenna, or the noise can 
be transmitted directly over the power line to 
the receiver itself. 


d. Man-Made Noise Frequencies. Man-made 
noise is not distributed uniformly through the 
spectrum. Impulse noise is most bothersome in 
the frequencies approximately from 15 mc to 
160 mc and fluctuation noise generally is more 
severe at lower frequencies, and with a maxi- 
mum intensity reached at frequencies well be- 
low 20 me. The noise is most severe at the fre- 
quency where the device producing it is large 
enough to act as a good antenna. For exam- 
ple, vehicles whose dimensions approach a half- 
wavelength in the vicinity of 30 me produce 
their most severe ignition noise in this region. 
Most equipment used for vehicular communica- 
tion, as well as some important fixed stations, 
operates in this range. The noise produced by 
the discharge of current through a gas, mer- 
cury-vapor rectifiers, and similar devices has a 
spectrum that extends up to extremely high 
frequencies with very high intensities. It often 
is impossible to remove the noise from these 
devices because it is impractical to shield them. 


e. Natural Noises. Natural noises disturbing 
to radio communication arise from various 
sources and may be either impulse or fluctua- 
tion types. Perhaps the most familiar are the 
frequent and overlapping noise in pulses pro- 
duced by lightning discharges. This noise origi- 
nates not only in local storms but also in the 
tropical storm centers, from which it is propa- 
gated as a radio wave to many parts of the 
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earth. The signal strength of noise produced by 
local storms decreases directly with increasing 
frequency, the frequencies above 40 mc being 
less subject to this interference than the lower 
frequencies. The storms are more intense in 
summer than in winter, and, since most of the 
static occurs in the warm temperatures, the 
lowest noise levels are found in the colder 
weather. There are also weaker noise impulses 
thought to be produced by sources not on the 
earth, such as the noise attributable to sun 
spots. Naturally, nothing can be done to sup- 
press natural noises at their sources, whether 
they originate near the receiver or not. There- 
fore it is desirable to have some other means 
of overcoming them. 


f. Receiver Noise. The limiting factor gov- 
erning the sensitivity of most high-frequency 
receivers is the amount of noise inherent in the 
receiver. Although there may be no defective 
parts, there still will be a quantity of noise in 
even the best receivers. This noise is of a ran- 
dom fluctuation type, producing a characteristic 
hiss-like sound in the loudspeaker or earphones. 
The most important noise in very-high-fre- 
quency equipment, where noise outside the re- 
ceiver is low enough to permit receiver noise 
to be noticed, is caused by the current flowing 
through resistors and tubes. 


g. Communication in Presence of Noise. A 
general communication system is shown in the 
block diagram of figure 33. The information 
source supplies a message which is converted 
into an electrical impulse. It then is trans- 
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Figure 33. Noise in general communication system. 
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formed into a signal that can be sent through 
space to the receiver. The receiver recovers the 
signal and reproduces the message. During the 
course of the transmission, the signal may be 
modified by the addition of some noise, and 
therefore the receiver cannot reconstruct the 
original message perfectly. However, in an f-m 
system, if the deviation is increased above a cer- 
tain minimum signal-to-noise ratio, the mes- 
sage-to-error (or degree-of-accuracy) ratio 
increases. 


h. Noise in F-M Reception. The effect of 
random fluctuation noise and impulse noise in 
f-m receivers differs. Fluctuation noise pulses 
excite tuned circuits in the receiver, causing 
them to oscillate at their resonant frequency. 
The oscillations interfere with the carrier, caus- 
ing spurious noise to appear in the detector out- 
put, and then diminish graduallv until the next 
noise pulse. Impulse noise is largely a sudden 
disturbance in the amplitude of the signal. It is 
removed by the f-m detector, which does not 
respond to the amplitude variations of the car- 
rier. If the frequency-modulated signal is very 
weak compared with the noise, the intelligence- 
containing side bands are suppressed in the f-m 
detector. Therefore, if the carrier is not above a 
certain minimum amount, f-m is actually worse 
than a-m. The value of this minimum is called 
the threshold of improvement and depends on 
the frequency deviation. Only when the signal 
is above this threshold is wide-band f-m superi- 
or to a-m. Narrow-band f-m is as good as a-m 
at low signal levels and is equal or inferior to 
it at high levels. 


1. F-M and A-M Response to Impulse and 
Fluctuation Noise. In figure 34 the signal-to- 
noise ratio is plotted vertically against the peak 
carrier-to-noise ratio. Amplitude modulation is 
shown by the straight diagonal line for compari- 
son purposes. For a modulation index of 1, the 
dashed lines indicate the improvement in signal- 
to-noise ratio over a-m. The lower of the pair, 
labeled F,, is the improvement for fluctuation 
noise, and the higher, J,, is the improvement 
for impulse noise. The other set of dotted lines 
shows the same situation for a modulation index 
of 4, with curve F’; for fluctuation noise and /, 
for impulse noise. The threshold of improve- 
ment begins where the carrier is sufficiently 
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Figure 34. F-m noise characteristics. 
strong that the curve crosses the reference a-m 
line. 


}. Noise in Presence of Modulation. These 
analyses have been made with sine-wave modu- 
lation. With speech or other forms of informa- 
tion impressed on the carrier, the results are 
somewhat different, but in general they agree 
with that of the sine-wave. For normal mili- 
tary communication, f-m is an improvement 
over a-m because of its higher immunity to 
noise. Narrow-band f-m is preferred where the 
carrier frequency is relatively low and channel 
space is at a premium. Wide-band f-m is used 
at the higher frequencies, where this is not a 
problem. However, when the signal is weak, 
wide-band f-m is inferior in performance to an 
equivalent a-m system. In this it differs from 
narrow-band f-m, which is capable of excellent 
performance at low-signal levels. The reduction 
in errors caused by poor signal-to-noise ratio 
also makes advantageous the use of f-m in radio- 
telegraphy systems. In these systems, the sig- 
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nal is modulated by either a series of rectang- 
ular pulses or the use of two continuous audio 
tones as modulating signals to shift from one 
tone to the other as the transmitter is keyed. 
The latter method has the advantage of requir- 
ing somewhat less spectrum space than the rec- 
tangular modulation method. 


15. Interference 


a. General. 
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(1) Any receiver of radio signals, no mat- 


ter what type of modulation is used, 
has a certain bandwidth over which it 
will accept signals. In this acceptance 
band, the receiver reproduces signals 
at the output of the detector for which 
it was designed. An a-m receiver must 
be capable of passing all frequencies 
that go into the modulation side bands 
on either side of the carrier in addi- 
tion to the carrier itself. If speech is 
to be received, the receiver must have 
a bandwidth at least twice the highest 
speech frequency that is transmitted. 
For good voice transmission the high- 
est audio frequency is usually 3 ke. 
Therefore, the bandwidth of an a-m 
receiver for the reception of speech 
must have an acceptance band of at 
least 6 ke. 


(2) An f-m receiver must have a band- 


width that is at least enough to allow 
tor the full frequency deviation plus 
the side bands of the transmitted sig- 
nal. In a receiver with a given band- 
width, any spurious or unwanted sig- 
nals that fall within the acceptance 
band give rise to some form of inter- 
ference to the desired signal. In addi- 
tion, no practical receiver is made with 
an acceptance band that just covers 
the necessary bandwidth with no re- 
sponse outside those limits. If the sig- 
nal that interferes with the desired 
signal is in the same channel, the in- 
terference is called co-channel inter- 
ference. If the disturbance originates 
on either side of the receiver accep- 
tance band, it usually is called adja- 
cent channel interference. The receiv- 
er also can have spurious responses at 


frequencies other than the one at 
which it is tuned because of inade- 
quacies in the rejection of unwanted 
frequencies in the first receiver stage. 


b. A-M. 
(1) Within the acceptance band of the a-m 


receiver, any unwanted side bands are 
equivalent to spurious modulation, and 
they are amplified and detected just as 
the desired signal is. Therefore, no 
matter what steps are taken in the de- 
sign of the receiver, these undesired 
signals cause an output to appear in 
the loudspeaker or earphones. The be- 
havior of a receiver in the presence of 
interference can be analyzed in con- 
nection with the over-all acceptance 
band of the receiver, and the results 
for a-m are different from those for 
f-m. 


(2) To see what happens when two sig- 


nals combine in the pass band of any 
type of receiver, consider the vector 
diagram of figure 35. In this diagram, 
the undesired carrier is represented 
by the vector labeled E;. It is not a 
stationary vector but is generating a 
sine wave and therefore is rotating at 
a definite rate depending on the fre- 
quency. Assume that it combines with 
the desired carrier, F'., which has a 
frequency that is slightly different 
from that of the undesired carrier, ;. 
Although both carriers are rotating, it 
is assumed that E.. is standing still 
while FE; rotates at a rate equal to the 
difference between its natural fre- 
quency and that of the desired carrier. 
Since the two carriers are added in 
the receiver, the resultant vector 
shown by the arrow, F,, has a fre- 
quency equal to the difference between 
the two carriers. Moreover, its rela- 
tive phase, a, is continuously changing 
with the rotation of the carriers, so 
that the resultant is phase-modulated. 
Since the frequency difference between 
the two signals was assumed to be 
small, the vector changes in length as 
the relative angles of its components 
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(3) 
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Figure 35. Interference between two unmodulated 
carriers. 


vary. Therefore, it is also amplitude- 
modulated at the difference frequency. 


The single interference resultant pro- 
duced between two unmodulated car- 
riers is modulated in both amplitude 
and phase. Since frequency and phase 
modulation differ so little, it can be 
considered modulated also in fre- 
quency. This composite modulation is 
called a beat note between the two 
carriers. When this beat note is re- 
ceived, it produces spurious signals 
that vary both in frequency and in am- 
plitude and therefore appear in the 
output of the receiver, regardless of 
the kind of modulation for which the 
receiver is designed. The output of the 
detector also contains simple multi- 
ples of the fundamental beat note. 
These are its harmonies and they are 
strong when the two carriers are near- 
ly equal in amplitude. 


(4) When one of the carriers is amplitude- 
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modulated, the resultant interference 
varies at the modulating frequency. 
The beat note here too is frequency- , 
phase- , and amplitude-modulated, and 
can interfere in any receiver. If both 
carriers are amplitude-rmodulated, the 
resultant beat note is heavily ampli- 
tude-modulated, even though the 
strength of the interfering carrier is 
a fraction of the strength of the de- 
sired one. In fact, it can be shown by 
mathematical analysis that the inter- 


fering signal can be as much as one 
thousand times weaker than the de- 
sired carrier and still cause an audible 
beat note. If it is more than one- 
hundredth as strong, it causes prohibi- 
tive interference. Therefore, it can 
be seen that for military purposes, 
where there must be many pieces of 
equipment in use at once, interference- 
free reception with a-m may be im- 
possible under emergency conditions. 


¢. F-M. In f-m, modulation of an otherwise 
unmodulated carrier by the undesired signal 
decreases as the deviation of the undesired car- 
rier increases. In fact, it never can exceed one- 
half cycle, which is equivalent to a modulation 
index of one-half. When the desired carrier is 
modulated, the interference decreases as the de- 
viation is increased, especially since the f-m 
detector is assumed to be insensitive to a-m. 
Wide-band f-m is less susceptible to interference 
than a-m, and narrow-band f-m gives some im- 
provement. If the two interfering signals differ 
in amplitude by a relatively small ratio of two 
to one, the interference between the carriers 
is negligible. Therefore, because of its greater 
freedom from interference, f-m is more widely 
used for military applications than a-m. In f-m, 
the stronger of two wide-band, or even two 
narrow-band, transmitters is received practica]- 
lv without interference from the other. 


16. Summary 


a. In a frequency-modulated wave, the in- 
stantaneous frequency varies about the earrier 
frequency in proportion to the amplitude of the 
modulating signal. 


b. The variations in instantaneous frequency 
are determined by the frequency of the modulat- 
ing wave; the higher the modulating frequency, 
the greater the number of deviations in a given 
time period. 


c. In amplitude modulation, two side-band 
frequencies (an upper and a lower) are gener- 
ated for each sine-wave component of the modu- 
lating signal. 


d. In an f-m system, many side bands are 
generated for each sine-wave component of the 
modulating signal. 
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e. The bandwidth occupied by an f-m signal 
exceeds the peak deviation limits. The total 
bandwidth increases for increasing modulation 
frequency, all other things being constant. 


f. When the channel space occupied by an 
f-m transmitter approximates that of an a-m 
transmitter for the same modulating signal, the 
transmission is termed narrow-band f-m. 


g. Where f-m bandwidth greatly exceeds that 
of the equivalent a-m signal, it is called wide- 
band f-m. 


h. The amplitudes of the side bands, as well 
as their frequencies, depend on the amplitude 
and frequency of the modulating signal and 
the frequency deviation of the transmitter. 


2. For a sinusoidally modulated signal, the 
side bands are distributed in symmetrical pairs 
on either side of the carrier frequency at inte- 
gral multiples of the modulation frequency. 


j. The ratio of the frequency deviation to the 
frequency of the modulating signal is called the 
modulation index. 


k. The value of the modulation index deter- 
mines the amplitude and number of the various 
side bands. 


1. The number of side-band pairs increases as 
the modulating frequency decreases. 


m. To allow for the side bands beyond the 
peak deviation limits, additional channel space, 
called a guard band, is provided on either side 
of the channel. 


n. For nonsinusoidal modulation, the side- 
band frequency distribution depends on the sin- 
usoidal components present in the nonsinusoidal 
wave, and can be analyzed in terms of each 
component separately plus all possible products 
of each side band with every other. The band- 
width for a nonsinusoidally modulated signal 
generally is greater than that for a sine wave of 
the same amplitude and frequency. 


o. Where the modulation is in the form of 
rectangular waves, the result is termed pulse 
modulation. The number of pulses per second 
is called the pulse repetition rate. 


p. Symmetrical modulating signals produce 
a symmetrical side-band spectrum. 
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q. Because the high frequencies in a sound 
signal are weaker than the low ones, they are 
amplified to a greater extent in many trans- 
mitters to improve the ratio of signal] to noise 
in this range. This is called preemphasis. The 
reverse process is called deemphasis and is pro- 
vided for in the receiver. 


r. Radio noise is of two types—impulse, or 
sharp r-f pulse voltage; and continuous, or fluc- 
tuating, signals of random amplitude and phase. 


s. Improvement in the signal-to-noise ratio 
takes place only with a minimum value of car- 
rier present at a level termed the threshold of 
improvement. 


#. Frequency modulation is less susceptible 
to interference than a-m because the maximum 
effective modulation index of the interfering 
wave can never exceed one-half if the desired 
carrier is twice as strong as the undesired car- 
rier. 


17. Review Questions 


a. What happens to the frequency deviation 
of an f-m wave when the amplitude of the mod- 
ulating signal is increased? 


b. If the frequency of the modulating signal 
is doubled, what happens to the f-m wave? De- 
scribe in detail. 


c. What determines the effective bandwidth 
of an a-m transmitter? 


d. Why are guard bands used between ad- 
jacent f-m channels? 


e. Are the side bands of an f-m transmitter 
the same for sinusoidal and nonsinusoidal] mod. 
ulating voltages? 


f. How is it possible to use a larger band- 
width for an f-m transmission than for an a-m 
transmission? 


g. When does f-m have only two side bands? 


h. Which f-m signal has fewer side bands, 
one with a higher or one with a lower modulat- 
ing frequency, for the same total deviation? 


2. What is the minimum bandwidth of a nar- 
row-band f-m signal? 
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3. If the audio-modulating frequency is the 
same for two f-m transmitters, but one is ad- 
justed for one-half the deviation of the other, 
which will have the greatest effective number 
of side-band pairs? Why? 


k. If a 5-ke audio signal produces a deviation 
of 15 ke at 33 me, what is the maximum instan- 
taneous frequency of the f-m wave? 


l. What is meant by the modulation index? 


m. What is the modulation index for an 
audio signal of 2 ke with a deviation of 220 ke? 
What total bandwidth would such a signal oc- 
cupy? 

n. Define pulse repetition rate. 


o. What is the effect on the side-band spec- 
trum when two signals of different amplitude 
and frequency simultaneously modulate the car- 
rier? 


p. When is the spectrum that results from 
nonsinusoidal modulation symmetrical? When 
is it not symmetrical? 
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q. What are the highest and the lowest fre- 
quencies that need to be transmitted for intel- 
ligible speech? 

yr. What is the difference in the relationship 
of phase-to-frequency deviation between a di- 
rect f-m transmitter and an indirect f-m trans- 
mitter, modulated by speech? 


s. What is the purpose of preemphasis? 


t. What is the time constant of a deemphasis 
network consisting of a capacitor of .003 mi- 
crofarad in series with a resistor of .1 megohm? 


uw. What is the difference between impulse 
and fluctuation noise? 


v. In an f-m communication system, what is 
the relationship between the bandwidth and 
noise? 

w. By how much must two carriers differ in 
amplitude if they are not to interfere with each 
other when they are both amplitude-modulated? 

a. Which is better for the reduction of inter- 
ference for stations operating on the same 
channel—narrow- or wide-band f-m? Why? 
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CHAPTER 3 
METHODS OF PRODUCING FREQUENCY MODULATION 


Section 1. DIRECT METHODS OF PRODUCING FREQUENCY MODULATION 


18. General 


a. Methods for producing f-m are direct and 
indirect. In the former, the change in frequency 
of the oscillator is directly proportional to the 
amplitude of the audio signal. With indirect 
methods, the change in phase angle is directly 
proportional to the amplitude of the audio sig- 
nal. 


b. The two basic transmitter stages neces- 
sary for producing f-m are the r-f oscillator and 
the modulator. The oscillator can be any one 
of the basic types, such as the Hartley or the 
Colpitts. The modulator stage provides a way 
of controlling oscillator frequency, usually with 
a modulating signal, at some audio frequency. 
A discussion of methods for producing f-m 
therefore is essentially a discussion of different 
modulator circuits. 


c. Figure 36 shows a simple shunt-fed Hart- 
ley oscillator. Feedback is accomplished by 
coupling energy from the plate to the grid cir- 
cuit through the split inductance. This feed- 
back sustains oscillations at a resonant fre- 
quency determined mainly by the values of in- 
ductance and capacitance in the tank circuit. 
The frequency can be determined approxi- 
mately by means of the formula, 


i= 1 
22 \/LC 


f, is.the resonant frequency 

L is the inductance 

C is the capacitance 
From this formula, it can be seen that a change 
in either inductance or capacitance results in a 
change in the resonant frequency. If the in- 


where 
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ductance or capacitance is increased, the reso- 
nant frequency is lowered; if L or C is de- 
creased, f, is raised. Since the frequency can 
be changed by changing L or C, the next step 
is to find a method for allowing the audio signal 
to control either L or C. 
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Figure 36. Shunt-fed Hartley oscillator. 


19. Mechanical Methods 


a. Changing Capacitance. In figure 37, a ca- 
pacitor-type microphone is substituted for C 
in the tank circuit of the oscillator. The two 
plates of the microphone, one fixed and one 
movable, have some value of capacitance be- 
tween them. This capacitance, C, together with 
the inductance, L, forms a tank circuit resonant 
at some frequency, f,. When sound waves strike 
the movable plate (diaphragm) of the micro- 
phone, it moves back and forth with the changes 
in air pressure caused by the sound. From basic 
theory, it is known that changing the distance, 
d, between the plates of a capacitor changes its 
capacitance; the greater the distance, the 
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smaller the capacitance; the smaller the dis- 
tance, the greater the capacitance. As the dia- 
phragm moves back and forth, the capacitance 
of the tank circuit is being changed accordingly. 
A changing capacitance in the tank circuit 
means a changing resonant frequency. Since 
the audio signal controls the movement of the 
diaphragm and the value of capacitance, it also 
determines the resonant frequency. The output 
is a frequency-modulated wave, whose fre- 
quency deviation is controlled by the amplitude 
of the audio signal. There are certain draw- 
backs to using the circuit just described to pro- 
duce an f-m wave since only a capacitor-type 
microphone can be used. This restriction is 
undesirable in view of the many types of mi- 
crophones in use. Furthermore, it is necessary, 
at times, to separate the microphone from the 
transmitter by considerable distances. This ar- 
rangement is impossible with the circuit of 
figure 37. 
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specially designed signal generators. However, 
the mechanical system necessary is not capable 
of changing frequency in accordance with voice- 
modulating frequencies. For this reason, it 
cannot be used in f-m transmitters. 


20. Reactance 


Since the reactance of a capacitor, X., is 
equal to 
ohms 





Where 
X, is capacitive reactance 
f is the frequency of the voltage source 
C is the capacitance 


It can be seen that, if the capacitance is held 
constant, the frequency must be changed in 
order to change the reactance. The same effect 
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Figure 37. Capacitor-ty pe microphone produces f-m. 


b. Changing Inductance. The inductance of 
a coil constructed with a powdered-iron slug at 
its center can be varied by moving the slug in 
or out of the coil. If this coil is substituted for 
L in the tank circuit of the Hartley oscillator. 
the resonant frequency can be made to depend 
upon the position of the slug in the coil. By 
using a motor and a suitable gear train, the 
slug can be made to move in and out of the coil 
at a rate determined by the motor speed, ancl 
the resonant frequency is changed accordingly. 
This system is used to produce an f-m wave in 
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can be noted by inspecting the formula for in- 
ductive reactance: 
X,==2xfLohms, 

where 

X,, is the inductive reactance 

f is the frequency 

L is the inductance 
It is possible to control the frequency of an 
oscillator by controlling the amount of reac- 
tance, capacitive or inductive, which is present 
in the circuit. This is accomplished in a circuit 
known as a reactance modulator, which uses 
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the characteristics of a vacuum tube to control 
the reactance in the tank circuit of the oscilla- 
tor. By simulating a capacitance or an induct- 
ance across its output terminals, it is said to 
inject reactance into the tank circuit. The simu- 
lated capacitance or inductance in turn is con- 
trolled by the audio signal. 


21. Vacuum-Tube Characteristics 


a. Transconductance. Before proceeding 
with the discussion of reactance modulators, it 
is desirable to review briefly the vacuum-tube 
characteristics on which circuit operation de- 
pends. The transconductance of a vacuum tube 
is defined as the ratio of a small change in plate 
current to the small change in the grid voltage 
that produced it, with the plate voltage held 
constant. This ratio can be expressed mathe- 
matically in the form: 

Ym = di, 
de, 
where 
9» 1s the transconductance 
1, is the plate current 
é. is the grid voltage 
d signifies a small change in 
Transconductance is a form of conductance, and 
it is measured in mhos, where the current is in 
amperes and the voltage in volts. Because the 
transconductance almost never exceeds frac- 
tional values, a smaller unit, the micromho, one- 
millionth of a mho, is used. The transconduc- 
tance of a vacuum tube under rated operating 
conditions usually is listed in tube manuals. 


b. Amplification Factor. The amplification 
factor, », or mu, of a vacuum tube is defined as 
the ratio of a small change in plate voltage to 
the small change in grid voltage that produced 
it, the plate current being held constant. Ex- 
pressed mathematically: 

L= dé, 
de. 
where 
pis the amplification factor 
de, is the change in plate voltage, 
de, is the change in grid voltage. 
The » of a tube determines how effective the 
grid is in controlling the plate current. For 
example, if the » is 35, it means that the grid 
voltage is 85 times more effective in controll- 
ing the plate current than the plate voltage. For 
a given change in plate current, therefore, the 
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change in plate voltage would have to be 35 
times the necessary change in grid voltage. 


c. Plate Resistance. The plate resistance of a 
vacuum tube is defined as the ratio of a small 
change in plate voltage to the small change in 
plate current that produced it, the grid volt- 
age being held constant. In mathematical 
form— 

T, = dé, 
di, 
where 

r, is the a-c resistance from plate to cathode 

dé, is a small change in plate voltage 

di, is a small change in plate current 


d. Relationship of Gm, », and 7r,. It is possi- 
ble to combine the three equations for transcon- 
ductance, amplification factor, and plate re- 
sistance so that a direct relationship exists be- 
tween them. If the equations for g,, and 7, are 
multiplied 

Im X Vp = di, X dé, 





de, diy 
The di, terms cancel out, and 
Im x Tp = dey 
de, 


An inspection of the equation shows that the 
right-hand side is the expression for the am- 
plification factor, ». Therefore, » can be sub- 
stituted for de,/de,, and 
In X Tp =p 

The significance of this relationship between 
vacuum-tube characteristics will become ap- 
parent in considering reactance modulator cir- 
cuits as used in f-m transmitters. 


22. Reactance-Tube Modulator 


The purpose of the reactance-tube modulator 
in a direct f-m transmitter is to frequency-mod- 
ulate the f-m signal of an oscillator in accord- 
ance with the audio signal. The modulator ac- 
complishes this by changing the amplitude vari- 
ations of the audio signal into a varying reac- 
tance which is injected into the tank circuit of 
the oscillator. This injected reactance changes 
the frequency of the oscillator. 


a. Basic Circuit. 
(1) The fundamental arrangement of the 
circuit of a reactance-tube modulator 
and oscillator is shown in figure 38. 
At the extreme left, the audio signal 
is impressed between terminals 1 and 
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(2) 
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2, or between grid and ground of the 
reactance tube. Therefore, the audio 
signal controls the reactance-tube 
plate current. The plate current flows 
through a load consisting of 7, and 
Z, in series, which is connected across 
the tank circuit of the oscillator 
through terminals 3 and 4. When the 
plate current is varied by the audio 
signal, the reactance of the plate load 
is changed, thus changing the operat- 
ing frequency of the oscillator tank 
circuit. The resultant f-m signal then 
is coupled inductively to the following 
stages of the transmitter through 
terminals 5 and 6. 


With no audio signal present at the 
grid of the reactance tube, its plate 
current has some small d-c value whose 
effect on the plate load is negligible. 
The r-f voltage present across the os- 
cillator tank circuit also is impressed 
across the reactance tube plate load. 
The plate load of Z, and Z, presents a 
reactance to this voltage which can 
simulate the action of either a capac- 
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itor or an inductor. This is the same 
as adding a capacitor or an inductor 
in parallel with the tank circuit, which 
changes either the effective capaci- 
tance or the inductance of the tank 
circuit. The operating frequency of 
the oscillator, therefore, depends not 
only on L and C, but also on Z, and 
Z,. Sinee this operating frequency is 
the oscillator output frequency with 
no audio signal] present, it also must 
be the center frequency of the f-m sig- 
nal. The audio signal, when applied 
between terminals 1 and 2, is im- 
pressed not only from grid to ground, 
but also across Z, in the plate circuit. 
The combined effect of these two ac- 
tions is to change the reactance of Z, 
and Z, in accordance with the audio 
signal. 


b. Impedance at Terminals 3 and 4. 
(1) Looking from the tank circuit toward 


terminals 3 and 4, an impedance caused 
by Z,, Z,, and the reactance tube is 
seen. For a given amplitude of audio 
signal, the resultant plate current 
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Figure 38. Basie circuit of reactance-tube modulator and oscillator. 
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(2) 


(3) 


through the tube can be found from 
from the tube transconductance 


Ym = dry 
de, 
or 
di, = On X de, 


The plate current flowing through the 
plate load is 

ty = 9m XK Ce 
where the plate load consists of 7, and 
Z,, or Zap. In circuits of this type, the 
plate resistance of the tube usually is 
high enough to be ignored when con- 
sidering the plate load. 


If the voltage across Z,, is Eq, then 
(by Ohm’s law): 


Zan = Ean 
ty 
Substituting for i,, 
Zn= En 
Im Se €, 


From this it can be seen that the trans- 
conductance of the tube has an inverse 
effect on impedance Z,, across the os- 
cillator tank circuit. It remains now 
to break e, into its equivalent compo- 
nents in order to observe all the fac- 
tors at work in the determination of 
this impedance. 


An examination of figure 38 shows 
that e. is impressed across Z, in the 
plate circuit of the reactance tube. If 
the total voltage across Z,, is E',,, then 
€, must be related to Ey as Z, is relat- 
ed to Z,,. In mathematical form, this 
relation can be expressed as: 

&e_—= __4s 

Ew Za+Z, 
When this equation is solved for @,, it 
is found that 

€-= Ean X_ _Za 

Za + Z, 

This value of e, then is substituted in 
the equation for the total impedance 
found in the previous paragraph: 

Zar == Ey 

In X Ce 
SD 
Gm X Eu x 4 
Za + Ly, 

The E,, terms cancel out, and the re- 


Zar = 








maining terms of the equation can be 
simplified in the following manner: 
Lay = 1X Za + Zr 
Gn Zy 
=1x G+4) 
Ou Z) 
=a aX 4a 
Gn Im Zs 
The last form of the equation gives 
the impedance at terminals 3 and 4 
in terms of the reactance-tube trans- 
conductance and the impedance net- 
work of Z, and Z). 


(4) This equation for the impedance seen 
by the oscillator tank circuit expresses 
mathematically the principle of opera- 
tion of the reactance-tube modulator. 
The impedance, Z,,, is the general term 
for the total impedance across the os- 
cillator tank circuit. The terms Z, 
and Z, are expressions for the circuit 
components which together constitute 
the plate load. These can be capacitors, 
inductors, or resistors which have 
fixed values in the circuit, and the only 
way to vary Z,, is to vary the trans- 
conductance of the reactance tube. 
This takes place when an audio signal 
is applied to the input to the modu- 
lator. 


c. Injected Reactance. An examination of 
the equation for the total impedance shows that 
it contains two parts. The first part is the re- 
ciprocal of a transconductance, which is resis- 
tance. The second part contains two terms 
for impedance, Z, and Z,. If either 7, or Z, is 
made reactive, the second part of the equation, 
1/9, times Z,/Z,, is a form of reactance. This 
reactive component is the injected reactance. 
Assume that Z, is a fixed capacitor having a 
reactance of X, at a frequency, f. If 7, is a 
resistor having a resistance, R, then the in- 
jected reactance, X,, is 

X,;=1xX, 
Ga 


d. Circuit Operation. Figure 39 shows a re- 
actance-tube modulator circuit with C, and R, 
forming the plate load. With no audio signal 
present, this network injects a fixed reactance 
across the tank circuit which determines the 
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operating frequency of the oscillator or cen- 
ter frequency of the f-m wave. When an audio 
signal appears at the input, the injected reac. 
tance is varied above and below its zero-signal 
value, thereby varying the frequency of the os- 
cillator above and below the center frequency. 
The variation in injected reactance, as well as 
the frequency deviation, depends on the ampli- 
tude of the modulating signal. 


AUDIO 
SIGNAL 
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Figure 39. Typical reactance-tube modulator circuit. 


(1) Zero-signal operation. 


(a) With no audio signal present, the 
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only signal impressed on the modu- 
lator circuit is that of the r-f volt- 
age across the oscillator grid cit- 
cuit. This voltage is applied across 
the plate load of the modulator, or 
across C, and R,. The reactance of 
C;, is made very large in respect to 
the resistance of #;, and therefove 
the capacitive reactance, XC;, de- 
termines the resuitant current flow, 
causing it to lead the voltage across 
it by approximately 90°. This cur- 
rent flowing through Fk, results in 
a voltage drop across R, which also 
leads the applied voltage by 90°. Ac- 
tually, the voltage across the resist- 
ance is in phase with the current 
through it; however, it can be gn 
that the voltage across &;, is applied 


(6) 


between grid and ground of the re- 
actance tube. 


This r-f voltage at the grid of the 
reactance tube causes an r-f varia- 
tion of plate current which is cou- 
pled back to the tank circuit of the 
oscillator through the coupling ca- 
pacitor, C.. However, the current in 
the oscillator tank circuit is in phase 
with the r-f voltage, since the cir- 
cuit is operating at resonance, while 
this additional current resulting 
from the same voltage leads the volt- 
age by 90°. The additional current 
supplied by the reactance tube acts 
as if it were caused by a capacitor. 


(c) Fhe circuit operation just described 


can be seen in terms of vectors in 
figure 40. In A, the tank circuit volt- 
age, #,, and the current, 7;, are in 
phase because the circuit is at reson- 
ance. The r-f voltage of the tank 
circuit, Hy, causes a current flow 
through the plate load of the react- 
ance tube. This current, 7,, leads 
the applied voltage by 90°, because 
the capacitive reactance of C;, has 
been made large in comparison with 
the resistance of R;. In B, this cur- 
rent, 7,;, flows through R,, causing 
a voltage drop, E’,,, across the resis- 
tor which is in phase with the cur- 
rent through it. The circuit, how- 
ever, is arranged so that this voltage 
is coupled to the grid of the react- 
ance tube; Fi’; is also e.. In C, this 
grid voltage causes an r-f variation 
in plate current, 7,, which is in phase 
with the grid voltage. The capac- 
itor, C,., has negligible reactance 
and when the r-f current is coupled 
to the oscillator tank, it adds to the 
current flowing in it. Since 7, is 90° 
out of phase with the tank current 
and leading it, 7, acts as if it were 
coming from a circuit component 
having capacitive reactance, and 
consequently a capacitance. 


(2) Zero-signal injected reactance. The 


amount of reactance injected in this 
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Figure 40. Vector representation of zero-signal operation. 


circuit can be calculated from the for- 
mula 
X;=1x Xe 
Im Ry, 

where 

X; is the injected reactance 

J» is the reactance-tube 

transconductance 


X¢7, is the capacitive reactance 

FR, is the resistance 
From the analysis of this particular 
arrangement of the plate load compo- 
nents, it is known that X; is a capaci- 
tive reactance. Basic theory shows 
that the capacitive reactance of any 
capacitor can be found from the for- 
mula 

X= 1 

2nfC 

Since this is true, similar expressions 
can be written for the capacitive re- 
actance of C’, and also for Ci, 





X,.= 1 
2rf CL 
and 
X;= 1 
2nfC; 


Substituting these expressions for 
Xo, and X; in the formula for the in- 
jected reactance: 





1 
1 == QfC, x 1 
2rfC; R Im 


When this expression is simplified, the 

injected capacitance, C;, is found to be 
Ci = 9m X Rr X Ctr 

The effect of the reactance modulator, 

with no audio signal present, is the 

same as that of a capacitor having C; 

capacitance placed across the oscilla- 


tor tank. Since C; is in parallel with C 
of the tank circuit, the two capaci- 
tances add, increasing the total capaci- 
tance and decreasing the operating 
frequency some fixed amount. The new 
operating frequency then becomes the 
center frequency of the f-m wave. 


(3) Effect of audio signal. Applying an 


audio signa] at some single frequency 
to the grid of the reactance tube caus- 
es two voltages to be present at the 
grid—an a-f voltage and an r-f volt- 
age. The r-f voltage is responsible for 
the reactive plate current flow and the 
audio signal changes the amount of 
plate current flowing in accordance 
with its amplitude. Changing the 
amount of plate current coupled to the 
tank circuit means that its reactive 
effect is varied and results in the in- 
jection of a changing reactance into 
the oscillator tank. This changing 
reactance adds a changing capacitance 
to the oscillator tank. Oscillator fre- 
quency is varied accordingly and the 
result is a frequency-modulated signal 
at the oscillator output. The effect of 
the audio signal can be seen in terms 
of the formula for injected capaci- 
tance, where C; is equal to g», RC). 
The variations in a-f voltage at the 
grid have the same effect on the r-f 
plate current as a varying tube trans- 
conductance. From the formula above, 
it can be seen that varying the trans- 
conductance changes the injected ca- 
pacitance, and causes frequency modu- 
lation to appear at the oscillator out- 
put. 
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e. Plate-Load Arrangements. 


(1) 


(2) 


(3) 
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The arrangement shown in figure 39 is 
not the only possible arrangement that 
can be used to inject a reactance into 
the oscillator. For example, the ca- 
pacitor and resistor used in the basic 
circuit can be reversed so that inxduc- 
tive reactance is injected into the os- 
cillator. A combination of an inductor 
and a resistor or any combination but 
that of capacitor and inductor allows 
the circuit to frequency-modulate the 
oscillator output. Four arrangements 
are possible: capacitor-resistor, resis- 
tor-capacitor, inductor-resistor, and 
resistor-inductor. However, the for- 
mula for the injected reactance involv- 
ing g,, Z,, and Z, has a different ar- 
rangement for each circuit. 


In figure 41, a resistor is substituted 
for Z, and a capacitor for Z,. The com- 
ponents are chosen so that the resist-. 
ance of R, is much greater than the 
reactance of C,. Since the resistive 
component is so much larger, the r-f 
voltage applied to the plate load by 
the tank circuit causes the current to 
be in phase with the r-f voltage. As 
in any capacitor, however, the current 
leads the voltage by 90°, and this is 
true also of C,. The voltage across C,, 
therefore, lags the current and the ap- 
plied voltage by 90°. This voltage 
across C,, is coupled to the grid of the 
reactance tube, and causes an r-f vari- 
ation in plate current that is in phase 
with the grid voltage. The r-f current 
is coupled to the oscillator tank, and. 
since it is in phase with the grid volt- 
age, it must lag the current in the tank 
by 90°. This produces the same result 
as when an inductor is placed across 
the tank. The modulator therefore is 
said to inject inductive reactance into 
the tank circuit. The amount of simu- 
lated inductance necessary to produce 
this injected inductive reactance is: 
L, = RC, 
In 


Keeping the large resistor, R,, for 7,, 
it is possible to substitute a small in- 
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Figure 41. R-e reactance-tube load. 


ductor for Z, (fig. 42). With this ar- 
rangement, the circuit now injects a 
capacitive reactance into the oscilla- 
tor tank circuit. The oscillator voltage 
applied across the plate load of the re- 
actance tube causes a current to flow 
whose phase is controlled by the large 
resistance of R,. This current is in 
phase with the applied voltage, since 
R,, is large in respect to X,,. The volt- 
age across any inductor, however, 
leads the current through it by 90°. 
The voltage across the inductor, there- 
fore, leads both the current and the 
applied voltage by that amount. Be- 
cause this voltage is coupled to the 
grid of the reactance tube, an r-f plate 
current flows which is in phase with 
the grid voltage and 90° leading in 
respect to the oscillator tank voltage. 
When coupled to the oscillator tank, 
this current acts as if it were caused 
by a capacitor having a capacitive re- 
actance equal to the injected reactance. 
The amount of this capacitance can be 
found from the formula, 
C; = Im Ly, 
Ry 


(4) When the resistor-inductor arrange- 


ment is reversed (fig. 48), the circuit 
injects inductive reactance into the os- 
cillator tank. The inductance of L;, igs 
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Figure 42. R-L reactance-tube load. 


made large to increase the inductive 
reactance in respect to R,. The r-f 
voltage from the oscillator tank then 
will cause a current to flow through the 
plate load which lags the applied volt- 
age by 90°. This voltage then is ap- 
plied to the grid of the reactance tube, 
producing an r-f plate current which 
is lagging the current in the tank cir- 
cuit by 90°. Since a lagging current is 
an indication of inductance, the modu- 
lator simulates the action of an induc- 


Bt 







R-F 
CHOKE 
fd to GRID 
OF 
OSCILLATOR 


AUDIO 
SIGNAL 


TM 668-43 


Figure 43. L-R reactance-tube load. 
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tor placed across the tank circuit. The 
amount of injected inductance can be 
found from the formula 


L= Ly | 
Im Ry, 

(5) The four arrangements possible in the 
plate circuit of the reactance tube are 
shown in figure 44, together with the 
formulas for calculating the injected 
inductance or capacitance. It must be 
borne in mind that Z, always is made 
large in respect to Z,, and it is this 
component which determines the phase 
of the current caused by the r-f oscil- 
lator voltage. The amplitude of the 
reactive current is controlled by the 
amplitude of the audio-modulating 
signal by means of the tube transcon- 
ductance. Z, and Z,, therefore, control 
the operating frequency of the oscilla- 
tor, and g, controls the frequency de- 
viation. 


f. Quadrature. The basic reactance-tube cir- 
cuit often is referred to as a quadrature circuit 
because the r-f voltage developed across its out- 
put terminals is leading or lagging the r-f cur- 
rent in its plate circuit by approximately 90°. 
When the injected reactance is capacitive, the 
current leads the r-f voltage; when it is induc- 
tive, it lags. If the plate resistance of the re- 
actance tube is negligible in respect to the mag- 
nitude of the injected reactance, the phase an- 
gle approaches the value of 90°. However, since 
there is always a resistive component as well 
as a reactive one, this phase angle can never 
actually become the ideal quadrature relation 
of 90°. 


23. Practical Reactance Modulator 


A of figure 45, shows a reactance modulator 
circuit used in a portable f-m transmitter, which 
injects a capacitance across the tank circuit of 
the master oscillator. For explanation purposes, 
the equivalent circuit of A is shown in B. The 
plate tank circuit of the master oscillator is 
represented by L,-C; and the interelectrode ca- 
pacitance between the grid and filament of the 
reactance modulator by C,;. The interelectrode 
capacitance, C,,, is connected effectively in 
series with R75 and in parallel with L2 to 
make up a phase-shifting network. Since 
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Figure 44. Four possible plate-load arrangements. 


L. is coupled to L,, the r-f voltage across it is 
180° out-of-phase with the oscillator voltage 
across the tank. The resistance of R75 is made 
large in respect to the reactance of C,,;, and the 
current through C,, is in phase with the induced 
voltage produced by L2. However, the voltaye 
across C,, lags the current through it by 90°, 
and this voltage is applied to the grid of the 
reactance tube. Since the grid voltage is in 
phase with the plate current, it lags the tank 
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voltage and current by 180° plus 90°, or 270°. 
This is the same as saying that the plate-current 
leads the tank current by 90°. The effect is that 
of injecting a capacitance across L1-Cl. Ca- 
pacitor C28 blocks the d-c bias voltage on the 
oscillator grid from appearing on the react- 
ance modulator grid. The purpose of R17 is 
similar to that of an r-f choke; it keeps the low- 
impedance microphone circuit from shorting the 
r-f components across Cy. 
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Figure 45. Practical reactance modulator. 


24. Input Capacitance Modulator 


a. In any vacuum-tube amplifier a definite im- 
pedance is present between the grid and the 
cathode. This impedance depends on the values 
of components in the external circuits of the 
other tube elements. Resistance in the plate cir- 
cuit will result in the appearance of capacitance 
from grid to ground, depending on the amount 
of series plate resistance and the voltage gain of 
the tube. This is caused by the variations in 
electrical charge in the space between the grid 
and the plate. In the tube manual, a capacitance 
from grid to ground usually is listed for each 
tube under the heading of input capacitance. 
This value is determined with no resistance in 
the plate circuit. As the plate load is increased 
in value, the capacitance reflected into the grid 
circuit rises. How effective a given amount of 
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plate load is in increasing this capacitance de- 
pends on the gain of the tube, and ultimately on 
the transconductance, » = 7,9m. The changing 
of input capacitance with variations in plate- 
load resistance and tube transconductance is 
called Miller effect. 


b. Since the input capacitance varies with 
the transconductance, it can change the fre- 
quency of an r-f oscillator when connected 
across the tank circuit. Therefore, Miller ef- 
fect can be put to work in a direct frequency 
modulator (fig. 46). Operation is much like that 
of the reactance modulator, since variations in 
grid voltage at an audio rate are reproduced as 
changes in frequency of the oscillator. With no 
audio signal on the modulator, a fixed capaci- 
tance is injected across the oscillator tank. Con- 
sequently, the effective frequency of oscillation 
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goes down to the value set by the sum of the 
Miller-effect capacitance and the oscillator tank 
capacitance. When the audio signal is applied, 
the transconductance of the amplifier tube 
changes directly with the amplitude of that sig- 
nal. The value of the Miller-effect capacitance 
increases and decreases with the amplitude vari- 
ations of the audio signal. Since this capaci- 
tance is in parallel with the oscillator tank ca- 
pacitor, the frequency varies above and below 
the audio-signal zero value, producing true f-m. 


INPUT 
GAPACITANCE 
MODULATOR 


for wide deviations as the reactance modulator. 
Furthermore, the amount of injected capaci- 
tance is not adjustable over the wide range that 
the quadrature circuit offers. 


25. Diode Modulator 


a. When a resistor and a capacitor are placed 
in series across a source of a-c voltage, the cur- 
rent flowing in the circuit is out of phase with 
the voltage. This current has two components, 
one caused by the resistance and one by the ca- 
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Figure 46. Input-capacitance modulator, 


c. The amount of capacitance injected by Mil- 
ler effect also depends on the internal tube ca- 
pacitance between grid and plate. In a pentode, 
this internal capacitance is small, and the Mille: 
effect is also small; in a triode, the internal tube 
capacitance itself usually is sufficient. To in- 
crease the amount of injected capacitance, a 
small capacitor can be connected externally be- 
tween the grid and plate. A small value of plats 
load resistance is used to permit the tube to 
operate along a linear part of the plate current- 
grid voltage characteristic curve. Cathode bias 
is provided by a series resistor and bypass ¢a- 
pacitor. To keep the deviation distortion low, 
the tube is coupled through C1 to a tap across 
a part of the oscillator tank. Audio voltage is 
applied to the grid of the tube through an iso- 
lating resistor, R1. The circuit is capable of a 
considerable amount of frequency deviation 
with low distortion. However, it is not as good 
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pacitive reactance. The resistive component is 
in phase with the applied voltage, and the reac- 
tive component leads the applied voltage by 90°. 
The resultant current therefore leads the ap- 
plied voltage by some angie between 0° and 90°, 
the size of the angle depending on the relative 
size of the two components. If the resistance 
is large compared with the capacitive reactance, 
then the current leads the applied voltage by 
only a few degrees. If the resistance is small 
compared with the capacitive reactance, the cur- 
rent leads by nearly 90°. 

b. If the resistance is made variable, the cur- 
rent can be made to lead the voltage by any 
value between 0° and 90°. If this variation can 
be controlled at the audio rate of a modulating 
signal, the resultant current can be used to fre- 
quency-modulate an oscillator. A diode is used 
as the variable resistance in the arrangement 
shown in figure 47, called a diode modulator. 
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Figure 47. Diode modulator. 


c. The diode and capacitor C are placed in 
series across the oscillator tank circuit. The re- 
actance of C is made large in respect to the 
resistance of the diode. The applied voltage, # 
is the r-f voltage across the tank, and causes an 
r-f current to flow through the diode and C, 
which leads the voltage by nearly 90°. The plate 
current of the control tube also flows through 
the diode and FR; to the power supply. With zero- 
modulating signa] this current is constant, and 
the modulator injects a fixed reactive current 
into the tank which determines the operating 
frequency. 


d. When an audio-modulating signal is ap- 
plied to the grid through C,, an audio current 
flows through the plate circuit of the control 
tube. This current increases and decreases in 
step with the audio voltage. Since the current 
through the control tube also flows through the 
diode, the current flow through the diode also 
increases and decreases. This has the same ef- 
fect as increasing and decreasing the resist- 
ance of the diode with a constant voltage ap- 
plied. The effective resistance of the diode in 
series with the r-f current, therefore, is varied 
at the audio rate. The variations in the result- 
ant reactive current injected into the tank cir- 
cuit change the frequency of oscillation. A 
change in the reactive current has the same ef- 
fect as a change in the capacitance across the 
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tank circuit, and the result is a frequency-modu- 
lated signal. 


e. Less noise and distortion are present in the 
diode modulator than in the conventional reac- 
tance-tube modulator. In addition, it is easy 
to set the operating range so that the frequency 
deviation is more nearly proportional to the 
modulating signal. The reactance-tube modu- 
lator has considerable variation in the resistive 
current drawn during modulation which always 
introduces some amplitude modulation. In the 
diode modulator, the actual resistive change 
that takes place across the oscillator tank is so 
small that there is very little resultant distor- 
tion. The reactance modulator, however, is ca- 
pable of a much greater maximum frequency 
deviation. 


26. Frequency Modulation of R-C 
Oscillator 


a. Several communication systems have been 
discussed in which the information transmitted 
was not necessarily speech. One of the most 
common of the nonspeech applications of f-m is 
facsimile, involving the transmission of pic- 
tures, maps, and similar material which are 
printed automatically at the receiver in re- 
sponse to signals from the transmitter. Facsim- 
ile often uses a system of f-m known as sub- 
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carrier modulation which consists of the ampli- 
tude modulation of an r-f carrier by an audio 
tone. The a-m wave then is frequency-modu- 
lated and serves as a carrier for the applied 
signal. 


b. Subearrier modulation requires wide devi- 
ation relative to the carrier frequency. For ex- 
ample, if the subcarrier is 4,000 cps, it is com- 
mon to find deviation which varies the frequency 
between the limits of 2,000 and 6,000 cps. This 
variation is more than 50 percent of the subcar- 
rier frequency itself. Such relatively wide devi- 
ation cannot be obtained from a reactance mod- 
ulator driving an ordinary L-C oscillator with- 
out excessive distortion. The variation of trans- 
conductance necessary to produce the relatively 
enormous change in injected capacitance or in- 
ductance needed cannot be obtained from the 
straight-line part of the e,-i, characteristic. 
Therefore, a completely different solution has 
been worked out, using an oscillator that has no 
inductance in its circuit. 


c. Oscillators for the audio-frequency range 
can be made using only resistors and capacitors. 
Their operation is based on the principle that a 
series combination of a resistor and a capacitor 
causes a definite phase shift. When the values 
of the resistance and the capacitive reactances 
coincide, the current in the circuit leads the 
applied voltage by 45°. If the voltage developed 
by the current in the resistor is applied to a sec- 
ond identical series network, the current in this 
circuit leads the original input circuit voltage 
by 90°. If the current is made to flow througa 
two more identical networks (fig. 48), the over- 
all phase shift from the input to the output of 
the network (4 resistors and 4 capacitors) is 
180° at a particular frequency. 


d. The plate voltage of a vacuum tube is oppo- 
site in polarity to that of the voltage on the grid, 
and these voltages can be considered 180° ott 
of phase with each other, when the plate load is 
resistive. A decrease in grid voltage causes a 
corresponding decrease in plate current. If this 
decreased plate current flows through a load re- 
sistance, the voltage drop across that resistor 
decreases, and the plate voltage rises toward the 
supply voltage. If part of the plate voltage ‘s 
returned to the grid through the network, 
shown in A, the applied grid signal is in phase 
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Figure 48. Development of f-m phase-shift oscillator. 


with the output of the network. The result is 
an increase in signal input to the network with 
correspondingly greater increase in plate volt- 
age, until the accumulative action causes the 
cireuit to break into oscillation. This is the 
arrangement in the phase-shift oscillator in B. 


e. The phase-shift oscillator is capable of gen- 
erating a wide range of frequencies throughout 
the entire audio range. When the capacitive 
reactance is such that the phase shift in each 
section is exactly 45°, the greatest tendency for 
oscillation exists. Any slight variation in plate 
current or supply voltage starts the circuit os- 


49 


cillating. The frequency of oscillation can be 
changed by altering the phase shift of any or all 
of the components of the network. If the re- 
sistors are made variable, the frequency can be 
changed over a considerable range. The ampli- 
tude of oscillation is comparatively independent 
of the losses in the network, provided that the 
gain of the tube exceeds a certain critical value. 
Changing the value of one or more of the re- 
sistors alters the loss in the network, but does 
not alter the amplitude appreciably, although it 
does change the frequency. Therefore, wide fre- 
quency excursions can be obtained through 
changing the resistor values with no variation 
in amplitude of oscillation. This means that a 
frequency-modulated signal can be generated 
which has very little distortion. 


f. Instead of varying the resistors mechan- 
ically, an electronic circuit has been devised. 
This is shown in C of figure 48. One of the re- 
sistors of the phase-shift network is replaced 
by the equivalent plate resistance to ground of 
a vacuum tube. This is accomplished by con- 
necting the plate to the phase-shift network and 
the cathode to ground. Plate voltage for the 
tube is supplied through a suitable load resis- 
tor. When the grid voitage of the tube is varied 
by modulating signal, the plate resistance 
changes over a wide range. In fact, when 
the tube goes to cut-off, the resistance is ex- 
tremely high. Similarly, when the grid voltage 
is zero, the plate resistance is very low. The 
resistance of this element of the phase-shift 
network, consequently, can vary over a range 
which is directly proportional to the modulat- 
ing signal. This variation of resistance changes 
the over-all phase shift of the network so that 


feedback is developed at a different frequency. 
The variation of plate resistance of the modula- 
tor tube is directly proportional to the amplitude 
of the modulating signal, and the frequency of 
the phase-shift oscillator is also proportional 
to the control resistance over a wide range. It 
follows that the frequency of the oscillator also 
must be proportional to the amplitude of the 
modulating signal over an equally wide range. 
This is the characteristic desired for producing 
f-m in the subcarrier modulation process. 


27. Permeability-Modulated Direct F-M 


a. An extremely simple frequency-modulator 
circuit has been devised for use in very compact 
portable equipment, where saving an extra tube 
means an increase in the service life of the bat- 
teries. This modulator needs no additional tubes 
for production of f-m. The operating principle 
is based on the variation of inductance in an 
iron core coil with changes in the magnetic flux 
passing through it. Inductance can be altered 
by changing the permeability of the iron core— 
that is, the ease with which the magnetic field 
passes through it. 

b. If the iron core is made a part of an audio 
transformer in the plate circuit of an audio am- 
plifier, variations in the plate current alter the 
permeability of the core. This, in turn, changes 
the inductance of a part of the coil used to form 
the tank inductance of an r-f oscillator. A fair 
amount of deviation can be produced in this 
way without any extra modulating tubes. The 
system has the disadvantage of high distortion 
and low deviation capabilities, since the pow- 
dered-iron core must be operated in a highly 


saturated magnetic condition. 


Section Hi. INDIRECT METHODS OF PRODUCING FREQUENCY MODULATION 


28. Phase Variation 


a. General. 


(1) All of the frequency-modulation cir- 
cuits discussed in section I consisted 
of oscillators using reactive elements 
in their frequency-determining net- 
works. Such circuits, however, are in- 
herently unstable in respect to fre- 
quency. For very critical applications 
where it is desired that stations oper- 
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ate on precisely specified frequencies, 
crystal oscillators are used. A quartz 
crystal is the electrical equivalent of 
a resonant circuit with an extremely 
high Q. The resonant frequency is de- 
termined by the mechanical properties 
of the quartz itself. 

(2) The reactance changes that can be pro- 
duced with a direct-method frequency 
modulator have little effect on the res- 
onant frequency of a crystal oscillator. 


AGO 421A 


Therefore, this oscillator is considered 
to be fixed in frequency. If a crystal 
oscillator can be phase-modulated, the 
output can be converted easily to fre- 
quency modulation. Indirect f-m is 
produced by using a suitable correct- 
ing network to convert a phase-modu- 
lated signal. 


b. Phase Variation. A change in the phase of 
a signal can be produced by passing the signal 
through a network containing resistance and 
reactance. When a voltage is applied to a ca- 
pacitor and a resistor in series, for example, 
the current leads the applied voltage by an 
amount dependent on the relative values of re- 
sistance and capacitive reactance. This current 
develops a voltage across the resistor which 
leads the applied voltage. If the series combi- 
nation is considered to be the input, and the 
output voltage is taken from across the resis- 
tor, a definite amount of phase shift is intro- 
duced. If the fixed-frequency signal from a 
crystal oscillator is passed through this net- 
work, its phase at the output is shifted by an 
amount depending on the ratio of the reactance 
to the resistance. If the resistor can be varied, 
the phase angle of the network changes to cor- 
respond with the newly established ratio of 
reactance to resistance. When the resistance is 
varied with an applied audio signal, the phase 
angle of the output changes in direct propor- 
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tion to the audio-signal amplitude and pro- 
duces a phase-modulated signal. 


c. P-M to F-M. The basic circuit of a phase 
modulator with the resistor replaced by the 
variable plate resistance of a vacuum tube is 
shown in figure 49. The plate resistance of the 
triode changes with grid voltage and therefore 
serves as the variable resistor. Since the plate 
resistance of the triode varies with the audio 
signal applied to the grid circuit, the phase be- 
tween the input of the circuit and the output 
changes with the audio signal. As the grid 
swings positive, the plate resistance drops and 
the phase angle of the output increases; when 
the grid swings negative, the plate resistance 
rises and the phase angle decreases. The change 
of plate resistance with various values of grid 
voltage is exactly proportional to grid voltage 
over a small range. If the phase angle of the 
network is changed between wide limits, the 
amplitude of the output changes. This means 
that the modulator can produce only a limited 
phase deviation without distortion. In general, 
it is only reasonably good over a range of less 
than 25° of phase shift. 


29. Constant-Impedance Phase-Shift 
Modulator 


Since the resistance of the modulator tube 
varies, the voltage across it varies in amplitude 
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Figure 49. Simple vacuum-tube phase modulator. 
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as well as in phase. The impedance of the en- 
tire phase-shift network varies and introduces 
distortion in the amplitude of the output signal. 
This undesirable effect can be overcome, how- 
ever, if a constant-impedance network is used. 
A phase modulator having a constant-imped- 
ance network is shown in figure 50. The im- 
pedance across the cathode resistor, R,, is used 
since it changes with variable grid voltage and 
is more uniform than changes in plate resist- 
ance. The resistance between cathode and 
ground changes with the audio signal, and the 
phase of the output signal is modulated as de- 
sired. The inductor, L, serves to correct any 
change in the total impedance, keeping the am- 
plitude of the output constant. For any change 
in frequency, a change in capacitive reactance 
is canceled by an opposite change in inductive 
reactance. 
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Figure 50. Basic circuit of constant-impedance 
phase-shift modulator. 


30. Audio Correction 


a. The equivalent frequency deviation in p-m 
is proportional to the audio-modulating fre- 
quency. This effect is undesirable in indirect 
f-m production, since the frequency deviation 
must depend only on the amplitude of the audio 
signal. To convert into f-m the phase-modu- 
lated signals produced by the circuits previously 
described, it is necessary to pass the audio 
through a correction network to shift its phase 
90°. A simple R-C series network, with the out- 
put voltage taken across the capacitor, can ac- 
complish the desired results. If the resistance 
is much larger than the reactance of the capaci- 
tor at the lowest audio frequency, the current 
flow is determined primarily by the resistance. 
Therefore, the current is relatively constant, 
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since the resistance is constant. The reactance 
of the capacitor changes with frequency, but its 
effect on the total current flow is small because 
the reactance decreases as frequency increases 
and current flow is limited by the high resist- 
ance. The voltage across the capacitor, there- 
fore, is equal to the relatively constant current, 
multiplied by the changing reactance. 


b. Since the capacitive reactance is inversely 
proportional to the frequency and the resistance 
is fixed, the output voltage is proportional to the 
reactance alone. Therefore, it also is inversely 
proportional to frequency, as desired. This type 
of circuit sometimes is called a pre-distorter or 
audio-correction network because it changes the 
response of the phase modulator so that indirect 
f-m is produced instead of direct p-m. Since 
signal amplitude is lost in this type of network, 
the output sometimes is amplified before it is 
applied to the phase modulator. 


31. Link Phase Modulator 


a. The variations in transconductance of a 
tube with a varying audio signal can be made 
the basis for a phase modulator. In A of figure 
51, the oscillator voltage is applied to the grid 
circuit of the modulator through coupling capac- 
itor C8. The oscillator signal can reach the plate 
by two paths. One is through the grid-plate 
capacitance of the tube shown in the diagram as 
Cy». The other is provided by the transconduct- 
ance and represents the normal operation of the 
stage as an amplifier. The plate voltage of an 
amplifier is always 180° out of phase with the 
grid voltage. However, the voltage fed to the 
plate through the grid-plate capacitance is al- 
ways in phase with the grid voltage. It is there- 
fore 180° out of phase with the amplified 
voltage. 


b. If the tube is operated as a normal high- 
gain voltage amplifier, the amplified plate volt- 
age is much larger than that caused by the grid.. 
plate capacitance. When a large unbypassed 
cathode resistor is used, the operating point of 
the tube can be displaced so that the transcon- 
ductance and amplification are greatly reduced. 
The omission of the cathode bypass capacitor 
permits the variations in plate current to estab- 
lish degeneration—that is, a varying voltage on 
the cathode that acts in opposition to effective 


AGO 421A 


LINK PHASE 
MODULATOR 


e3roere 







a 
aha 


27-C9P cg 


FROM 
osc 


AMPL cB 


FROM 
AUDIO 
AMPL 


TO 
FREQUENCY 


RESULTANT Ep 


MULTIPLICATION 


STAGES 






x 


EqDUE TO 
AMPLIFICATION 


B 


E,DUE TO 
Cgp 


RESULTANT Ep 


We Owe 
an“ o 






E,DUE TO EgDUE TO 
Cgp AMPLIFICATION 


Cc 


B+ 


aes Ep 





E,DUE TO EqDUE TO 
Cgp AMPLIFICATION 
A D 
T™ 668-5t 


Figure 51. Phase modulator. 


grid input voltage—further reducing the trans- 
conductance. Because of the grid-plate capacit- 
ance, the amplified voltage component on the 
plate can be reduced in this way to approxi- 
mately the same magnitude as the component. 


c. Resistor R8 and the series combination of 
R9 and F11 form the grid circuit of the modu- 
lator. The plate voltage is applied to the tube 
through the plate load inductor L2, which is 
broadly resonant with stray capacitances at 
the operating frequency. The stage is coupled 
capacitively to the following stage by capacitor 
C9. Capacitor C6, in conjunction with the re- 
sistance of #9, forms the audio correction net- 
work. 

d. The vector diagrams in B illustrate the 
relative values and angular relationships of the 
amplified and capacitive voltage components, 
E, and E,, at the plate. The instantaneous a-e 
plate voltage is the vector sum of #, and E, as 
shown by the resultant vector, #,. Audio volt- 
age is applied to the grid of the tube through 
resistors R9 and R11, which serve to isolate the 
r-f and audio circuits. The transconductance is 
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varied at an audio rate by the modulating sig- 
nal. Consequently, the amplified component of 
plate voltage varies in amplitude. As the audio 
signal becomes positive, this plate voltage com- 
ponent is decreased in amplitude but the signal 
coupled through the grid-plate capacitance from 
the oscillator does not change in either ampli- 
tude or phase. Its vector, #’., remains constant, 
as shown in C. Since the amplified voltage, F,, 
changes and the capacitive voltage, E’.., does not, 
the amplitude and phase angle of the resultant, 
E,, must change. When the grid of the tube is 
made negative by the applied audio voltage, the 
amplified plate voltage increases. The resultant 
voltage, H,, changes in amplitude and phase 
angle, in a direction opposite to its change when 
the grid swings positive. This is shown in D. 
The phase of the output signal, therefore, varies 
in phase, in accordance with the amplitude of 
the input signal. 


e. There are amplitude changes in addition 
to the phase changes that take place in the r-f 
voltage on the plate. These are not very great, 
however, and they can be eliminated in the 
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stages following the modulator stage. Very 
little amplitude variation appears in the output 
of the transmitter. 


f. This system is not capable of a phase shift 
any greater than the approximate 180° sepa- 
rating the amplified and capacitive voltages. In 
fact, the curvature of tube characteristics at low 
levels of amplification does not permit the varia- 
tion in amplified plate voltage to be exactly pro- 
portional to the applied audio voltage over its 
entire range. The actual phase deviation for 
reasonably low distortion must be much less 
than 180°. In general, peak phase deviations 
for the lowest audio frequency to be passed 
(generally 300 or 350 cps) are about 75°. 


32. Sonar Phase Modulator 


a. Some of the disadvantages of the Link cir- 
cuit are overcome in the circuit of figure 52. 
The oscillator voltage appears on the plate 
through the dual paths of the tube and the 
grid-plate capacitance, as before. The resultant 
instantaneous a-c plate voltage with no modu- 
lation is approximately 90° out of phase with 
the applied r-f grid voltage. When the trans- 
conductance is varied by the audio signal, the 
amplified voltage component varies, and there- 
fore the phase of the resultant also changes. 


b. The plate load coil, however, is divided 
into two parts and the plate-supply voltage is 
introduced at a tap. The two parts of the coil 


$ 6SL7 
PHASE MODULATOR 





AUDIO 


= 8+ 
TM 668-52 


Figure 52. Sonar phase modulator. 
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are 180° out of phase with each other. Part of 
the out-of-phase voltage from the plate is fed 
back to the grid through capacitor C. The coil 
is tapped so that the turns ratio between the 
upper and lower ends is approximately 2 to 1. 
This provides an adjustment for the phase and 
amplitude of the voltage acting between grid 
and plate, by varying the feedback through ca- 
pacitor C. Capacitor C1, across the upper part 
of the coil, varies the magnitude and phase 
angle of the impedance in the plate circuit 
through resonance. These circuit modifications 
appreciably increase the available phase shift 
by keeping distortion low. 


c. When the modulating signal voltage is 
applied to the grid, there is variation in the 
instantaneous a-c plate current of the tube. 
Because the coil has a powdered-iron core, the 
variations in plate current change the magnetic 
saturation (par. 27). This changes the actual 
inductance of the coil. With the variation of 
this inductance caused by the audio signal, the 
resonant frequency and the phase angle of the 
plate load circuit also are varied at an audio 
rate. This phase variation adds to that already 
produced by the fundamental circuit, and to 
the variation produced through adjustment of 
the feedback circuit. The resultant frequency 
deviation is approximately six times that of the 
Link phase modulator. 


33. Reactance-Tube Phase Modulator 


a. It is possible to produce phase modulation 
by connecting a variable reactance across the 
resonant load circuit of an r-f amplifier (fig. 
53). The variation in the phase angle of a par- 
allel resonant circuit shown in A, is plotted in 
respect to the frequency. As the frequency of 
the voltage applied increases, the capacitance 
in the circuit begins to be predominant, and the 
resultant total current leads the applied volt- 
age. When the frequency of the applied voltage 
is lower than the natural resonant frequency of 
the tuned circuit, the inductance has a lower 
reactance than the capacitor and, consequently, 
draws the major share of the current. There- 
fore, the total current lags the applied voltage. 


b. If the frequency of the resonant circuit 
is varied and the applied voltage kept constant, 
the same variation of phase angle is produced. 
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Figure 53. Reactance-tube phase modulation. 
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The curve in A also applies, except that the cen- 
ter frequency is that of the applied voltage, 
whereas the frequencies on either side are those 
to which the resonant circuit is tuned. The cir- 
cuit can be tuned by changing the value of 
either the inductance or the capacitance. Chang- 
ing either at an audio rate with a reactance 
modulator produces phase modulation. The 
shape of the phase variation curve depends on 
the Q of the tuned circuit. This, in turn, de- 
pends almost entirely on the construction of the 
inductor. Therefore, injection of capacitance 
usually is used to avoid changes in the shape 
of the curve. 


c. The reactance modulator, in B, is designed 
to inject a variable capacitance across the reso- 
nant-circuit load of an r-f amplifier. Note that 
plate voltage for the modulator and the ampli- 
fier are supplied in common. The injected capac- 
itance changes the tuning of the tank circuit in 
response to the variations in audio signal. This, 
in turn, changes the phase angle of the current 
drawn by the tank. Consequently, the phase 
angle of the output from the tank circuit also 
varies. The curve in A shows that the change in 
phase is proportional to the detuning over a 
small range approximately between the limits of 
—25° and +25°. This circuit, therefore, cannot 
produce much phase deviation. It has the ad- 
vantage of permitting the use of a reactance 
tube with a crystal oscillator-amplifier combina- 
tion. However, the wide deviations associated 
with the reactance modulator when used with a 
self-excited oscillator cannot be obtained. 
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Figure 54. Nonlinear coil modulator. 
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34. Nonlinear Coil Modulator 


a. It is possible to construct a coil which will 
have the property of introducing phase modula- 
tion into a carrier, when both radio and audio 
frequencies are passed through it. This is 
termed a nonlinear coil modulator (fig. 54). 
The output from the r-f amplifier is passed 
through a plate load consisting of the resonant 
circuit Cl, L1, and the special nonlinear coil, 
L2. The output of the audio amplifier is applied 
through L2 through £3, and the phase-modu- 
lated signal produced is coupled to the output 
by C2. The rest of the circuit is a conventional 
r-f amplifier. The nonlinear coil circuit pro- 
duces a frequency deviation of nearly 1 kc. This 
phase-modulator circuit is relatively efficient in 
terms of the amount of initial phase deviation. 


b. Normally, when a current is passed 
through a coil without a magnetic core the cur- 
rent that flows is of the same waveshape as the 
voltage applied. If, however, a magnetic core 
is introduced into the coil, this situation 
changes. When a magnetic field exists in a mag- 
netic material, there is a definite magnetizing 
force corresponding to that field. As the field 
increases in strength, the material becomes 
magnetized until a point is reached where the 
increase in the magnetizing force produces no 
increase in the magnetic field set up. When the 
material is fully magnetized and the magnetic 
flux cannot increase, a state called saturation 
is reached. 


c. When current flows in a coil, it sets up a 
magnetic field that magnetizes the core material 
placed in the immediate vicinity. As the current 
increases, the corresponding magnetic field in- 
creases and, also, the magnetization of the core. 
Because of saturation, however, there is a defi- 
nite point beyond which any additional current 
causes no additional magnetization. Special al- 
loys, such as permalloy, when used as cores 
reach the saturation point at very low values of 
the magnetizing field. A coil wound around a 
permalloy core reaches saturation with a very 
small amount of applied current. When a sine- 
wave voltage is applied to such a coil, the mag- 
netic flux increases rapidly until the core satu- 
rates, and the flux then becomes relatively con- 
stant. 


56 


d. The relation between the applied magnet- 
izing current and the voltage developed across 
the coil is shown in figure 55. When the current 
begins to increase toward its maximum value, 
the magnetization of the core rises rapidly, 
with a rapid increase in flux. While the current 
flow is above saturation (A to B), there is no 
change in the flux, since the core is saturated. 
The same situation occurs on the negative half- 
cycle between points C and D. 
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Figure 55. Voltage pulses developed across nonlinear 
coil. 


e. The induced voltage depends on the rate 
of change of the flux. When the flux is not 
changing, no voltage is induced. In a coil wound 
on a permalloy core, the flux is changing rap- 
idly during part of the cycle and, during that 
time, large voltages are induced in it. These 
voltage pulses of high amplitudes occur only 
during the periods of rapidly changing flux. At 
other times, when the flux is nearly constant, 
little or no voltage is induced across the coil. It 
is shown in the figure that these voltage changes 
take place exactly 90° after the current peaks. 
The polarity of the pulses depends on the direc- 
tion of the magnetic flux. Therefore, on oppo- 
site half-cycles of magnetizing current, the 
pulses are of opposite polarity. This 90° differ- 
ence is constant in respect to the magnetizing 
current, and, since this current is supplied by 
an r-f oscillator, the pulse is constant in fre- 
quency. 

f. Assume, however, that, in addition to the 
r-f energy, audio signals are simultaneously 
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applied to the nonlinear coil. They have the 
same magnetizing effect on the core material 
and they combine with the r-f current to pro- 
duce the current wave, as shown in the first 
three lines of figure 56. Curve A represents the 
current in the coil, caused by the carrier r-f. 
Curve B is the current produced by the modulat- 
ing signal, assumed to be sinusoidal, for sim- 
plicity of analysis. The combined waveform is 
shown in line C. It is clear that the resultant 
current no longer goes through the zero axis in 
the same time interval as before, and, therefore, 
the region of maximum rate of change of flux 
is different for each cycle and depends on the 
audio voltage. These combined currents pro- 
duce voltage pulses across the coil at different 
instants during the audio cycle, as in D. The 
variation in the level of the r-f current at differ- 
ent points of the r-f cycle causes this effect. 
Sometimes, the pulse is produced at the normal 
interval of the unmodulated carrier. At other 
‘times, the pulses are spaced more, or less, than 
360° part. These variations in the spacing of 
the pulses, with different values of modulation 
voltages, are obviously equivalent to displace- 
ments in the relative phase of the pulses. In 
other words, a change in the a-f voltage shifts 
the phases of the pulses in respect to the phase 
of those pulses produced by the unmodulated 
earrier. Therefore, these pulses are effectively 
phase-modulated. 


g. If the phase-modulated pulses of voltage 
derived from the nonlinear coil are applied to 
a rectifier and limiting amplifier, only the pulses 
of one polarity will be passed. Furthermore, the 
limiting action will reduce the slight variations 
in the amplitude of the pulses that appear in D. 
The action of this rectifier and limiter is shown 
in E. When pulses of sharp amplitude pass 
through a resonant circuit, they set it into oscil- 
lation at its natural resonant frequency. If 
these pulses from the output of the rectifier 
pass through a resonant circuit, which is tuned 
to their repetition frequency, a sine wave is 
produced. Since the pulses are phase-modu- 
lated by the audio voltage, the resultant sine 
wave also will be phase-modulated. 


35. Balanced Modulator 


a. Vector Relations Between Amplitude and 
Phase Modulation—Amplitude Modulation. In 
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the earlier chapters, it was pointed out that 
when the modulation index of an f-m signal is 
less than .5, only one effective side-band pair 
is produced. Therefore, the side bands of an 
f-m wave with a low modulation index are simi- 
lar to those of an a-m wave. The major differ- 
ence between the side bands of a normal a-m 
wave and those of an f-m signal with a small 
deviation lies in their phase relationship to the 
carrier. An a-m signal consists of a carrier and 
two side bands for each audio frequency present 
in the modulating wave. For an f-m wave with 
modulation index of less than .5 the same holds 
true. If the two side bands of the a-m signal 
are added together vectorially, a new wave re- 
sults, called a double side-band wave. It repre- 
sents the difference between the frequency of 
the modulated wave and that of the carrier. 
For a narrow-band f-m signal, a similar double 
side-band wave also is formed when the two 
side bands are added. The a-m and f-m double 
side-band waves are ordinarily identical with 
one another, if they are of the same frequency 
and amplitude. 


b. Double Side-Band Vectors. In the vector 
diagram shown in A of figure 57, the vector, 
AB, represents the amplitude of the unmodu- 
lated carrier. Vectors BC and BE are the two 
side-band components. BD is the vector sum of 
the side bands, or the double side-band vector. 
The resultant a-m wave therefore is the vector, 
AD. Each of the side-band vectors rotates 
about the tip of the carrier vector with a rota- 
tional frequency equal to the difference in fre- 
quency between the carrier and each side band, 
respectively. Consequently, the two side-band 
waves, which are equally spaced in frequency 
on either side of the carrier, rotate at the same 
speed but in opposite directions. One is higher 
in frequency, producing a positive difference, 
whereas the other is lower than the carrier fre- 
quency, producing a negative difference. The 
resultant of the two side bands, therefore, must 
move on the same line as the vector representing 
the carrier frequency, if it starts in phase with 
the carrier. This either adds to or subtracts 
from the amplitude of the carrier, as shown in 
B and C. In B, the two vectors add to produce 
a resultant that adds to the carrier amplitude. 
In C, they add in the opposite direction, and 
therefore subtract from the carrier vector. This 
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Figure 56. Waveforms developed in nonlinear-coil modulator. 
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Figure 57. Vector relations in double side-band a-m system. 


causes changes in the amplitude of the com- 
bined signal, but there are no phase changes 
in the carrier itself. The resultant of the com- 
bined side-band signals is in phase with the 
carrier frequency. 


c. Veotor Relations Between Amplitude and 
Phase Modulation—Phase Modulation. In the 
case of phase modulation, when the frequen- 
cies and amplitudes of the side bands are the 
same as those in a-m (modulation index less 
than .5), the vector relations of the side bands 
and the carrier are different. Specifically, the 
double side band, which results from the addi- 
tion of the two rotating side-band vectors, is 
such that it is always 90° out of phase with the 
carrier, as in A of figure 58. Instead of start- 
ing in phase with the carrier, as they do in a-m, 
the side-band vectors begin to rotate in opposite 
directions, but 90° out of phase with it. Conse- 
quently, the double side-band vector is always 
90° out of phase with the carrier. It can be 





either on the right side of the carrier, as in B, 
or on the left side, as in C. The resultant of the 
sum of the two side bands and the carrier (vec- 
tor AD) therefore shifts alternately from one 
side of the unmodulated carrier position to the 
other. It is undergoing a variation in respect 
to the unmodulated phase condition of the car- 
rier, and, consequently, p-m is produced. When 
the resultant, AD, is on the right of the carrier, 
an angle, ¢1, is generated. As the side bands 
rotate, and BD becomes smaller, vector AD 
changes, generating angle ¢2. Similarly, ¢3 is 
the generated angle, when the double side-band 
resultant is on the lower side of the carrier. 


d. Changing A-M to P-M. When the devia- 
tion is low, a-m, f-m and p-m signals are all 
similar, with the exception of the phase rela- 
tionship of the double side band to the carrier. 
This indicates a possible way to generate an 
indirect f-m signal from an a-m wave. A signal 
is amplitude-modulated with a low percentage 
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Figure 58. Vector relations in a double side-band f-m system. 
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of modulation. Then it is passed through a 
circuit which removes the carrier-frequency 
component, leaving only the double side band. 
This double side band is shifted in phase by 90°. 
If it now is recombined with the carrier com- 
ponent, the result is a phase-modulated wave. 
This amounts to converting the vector diagram 
in A of figure 57 into that of A of figure 58 by 
rotating the double side band 90°. When this 
is done, the resultant vector varies in phase and 
in amplitude simultaneously, in respect to the 
carrier frequency. The slight amplitude varia- 
tion remaining can be removed in a limiting 
amplifier, as explained previously. 


e. Indirect F-M System: A-M to P-M. 


(1) A system for the production of f-m by 
the indirect method is shown in figure 
59. A erystal-controlled oscillator gen- 
erates a low-frequency carrier that is 
fed into an r-f amplifier. At the same 
time, it passes through a device called 
a balanced modulator which ampli- 
tude-modulates it with an audio wave 
that has been passed through an audio 
correction network, producing the two 
side bands and simultaneously remov- 
ing the carrier itself. The output from 
the balanced modulator then is fed 


R-F 
AMPLIFIER 
BALANCED 

MODULATOR 
AUDIO 
CORRECTOR 
AUDIO 
AMPLIFIER 






CRYSTAL ff 
OSCILLATOR 


MIXER 







through a network that shifts the 
phase of the double side band by 90°. 

(2) The amount of amplitude modulation 
developed by the balanced modulator 
is small and the resultant side bands 
are of low amplitude. The double side 
band, after passing through the 90° 
phase-shift network, is recombined 
with the carrier frequency as derived 
directly from the erystal oscillator. 
This results in a signal that is almost 
pure p-m, because the original ampli- 
tude variations of the double side 
bands are small in comparison with 
the unmodulated carrier. The amount 
of phase deviation possible with this 
system is small because of the low 
amplitude of the double side bands. 
However, when phase deviation is kept 
small, distortion in the modulation is 
extremely low. 


f. Balanced Modulator. 


(1) The heart of the f-m system outlined 
above is the circuit that modulates the 
carrier wave, producing the double 
side band while eliminating the car- 
rier itself. There are several forms 
of such balanced modulator circuits, 
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Figure 59. A-m to p-m to f-m——indirect method. 
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FROM 


CRYSTAL 3 
OSCILLATOR 


one of which is shown in figure 60. In 
this circuit the output from the crys- 
tal oscillator is coupled to the control 
grids of two tetrodes, from either side 
of a tuned transformer. Because of 
this method of coupling, the voltages 
at the grids of the tubes are 180° out 
of phase. The plates of these tubes are 
connected in parallel and an output is 
developed across a common load im- 
pedance, usually a parallel-resonant 
circuit. 





PHASE SHIFT 
NETWORKS 


plied to the screens of the two modu- 
lator tubes causing a variation in plate 
current which is proportional to the 
modulating voltage on each screen 
grid. The audio signal unbalances the 
modulator tubes and therefore the side 
bands produced by the audio and the 
carrier appear in the output. The 
situation can be understood in terms 
of the audio voltages applied to the 
screen grids. Since the input is posi- 
tive on one control grid and negative 
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Figure 60. Balanced modulator. 


(2) The grid excitation voltage passes 
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through a resistor-capacitor network 
in which the reactance of the capac- 
itor is much larger than the resistance. 
Therefore, the voltages at the grids, 
in addition to being out of phase with 
each other, are 90° out of phase with 
the voltage produced by the oscillator. 
If the two modulator tubes are identi- 
cal, the variation of one grid voltage 
in a positive direction and the other 
in the negative direction produces 
equal and opposite changes in voltages 
at the two plates. Because the plates 
are connected in parallel, and the 
equal and opposite changes cancel, the 
input carrier is effectively eliminated 
across the common plate load. The 
voltage from the audio circuits is ap- 


on the other, at any instant of time, 
and then reversed on the following 
half cycle, first one tube conducts and 
then the other. Consequently, output 
always will appear in the plate circuit 
from the tube which is conducting, 
whereas the other is almost at cut-off. 
When the screen of one tube is made 
more positive than the other by the 
audio voltage, the output increases. 
This action produces side bands equal 
to the sum and difference of the audio 
signal and the carrier, whereas the 
carrier is effectively canceled. 

g. Other Balanced Modulator Circuits—Par- 
allel-Grid Push-Pull Plate Circuit. It also is 
possible to produce the double side band with- 
out the carrier by connecting the control grids 
of the two tetrodes in parallel and the plates 
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in push-pull, applying the audio voltage to the 
screens, as before. With in-phase voltages on 
the control grids, equal voltages are produced 
at each plate. If these voltages are combined 
in a transformer, they are in phase at its op- 
posite terminals. A transformer produces no 
output unless the voltages are out of phase on 
each side; therefore, the carrier cannot pass 
through the circuit. However, the voltages ap- 
plied to the screens are in push-pull; that is, 
they are out of phase with each other. When 
the audio voltage is applied to the screen grids, 
the circuit is unbalanced, as before, and current 
flows in the output circuit. The 90° phase shift 
that is needed is incorporated in the output cir- 
cuit by using a suitable network of coils and 
capacitors. It also is possible, by using the 
angle of lag in the current that flows in an un- 
tuned secondary, to make the output trans- 
former itself act as a phase shifter. 

h. Ring Modulator. A simple balanced modu- 
lator (fig. 61) that requires no vacuum tube 
can be constructed from four varistors. Varis- 
tors are special resistors made of material 
whose resistance varies with the applied volt- 
age. In general, the resistance decreases as the 
voltage increases, so that the current flow in- 
creases at a rate much faster than in an ordi- 
nary resistor, The action is much like that of 
a simple vacuum-tube diode. Four copper-oxide 
rectifiers connected in a bridge circuit and 
sealed in a metal container commonly are called 
a varistor. The carrier is applied at two termi- 
nals, and the audio and load are applied to the 
other two. The carrier is balanced out in the 
bridge, and the unbalanced audio current that 
flows in the varistors produces the side bands 
in the output. These devices are used most 
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Figure 61. Varistor-ring modulator. 
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widely in telephone work for the production of 
a double side-band pair, where they have the 
advantage of not requiring any currents besides 
those of the carrier and the modulating signal 
for their operation. If the double side band is 
recombined with the carrier, after a 90° phase 
shift, p-m is produced. 


36. Modified Balanced Modulator 


a. The balanced modulator and 90° phase- 
shift arrangement is satisfactory in terms of 
distortion. However, the deviation produced is 
very low, and a modification of the basic circuit 
has been worked out which does not require 
balancing out the carrier completely, shifting 
the side bands 90°, and reinserting the carrier. 
This circuit is used in many types of mobile 
and fixed equipment where simplicity and re- 
liability are necessary. Basically, it is a cross 
between the Link modulator and the balanced 
modulator. A simplified version of this oscilla- 
tor-modulator circuit is shown in A of figure 
62. The grids of the pentagrid modulator tubes 
are excited through an R-C network in the out- 
put circuit of the oscillator. This network starts 
with a parallel-tuned circuit resonant at the 
crystal frequency. The opposite sides of the 
coil are 180° out of phase. This out-of-phase 
voltage is passed through a very small capacitor, 
C106, and the output is taken across a small 
resistor, R104. This introduces an additional 
90° phase shift between one side of the coil and 
the other, for a total of 270°. The result is that 
the opposite grids of the modulator tubes are 
270° out of phase. They are connected across 
a coupling network consisting of two capacitors, 
C104 and C107, and two resistors, R105 and 
F106. C105 serves to ground the center point 
between the two resistors. The modulator grids 
therefore are 45° out of phase in respect to the 
reference phase and 270° out of phase with each 
other. 

b. In the vector diagram shown in B, the two 
90° out-of-phase input signals, H, and E., are 
combined in the output of the modulator tubes 
to produce a resultant, designated as Ep. The 
two number 4 grids are fed by a push-pull audio 
signal. When the audio voltage on the grid of 
one tube goes negative, it reduces the transcon- 
ductance of that tube. This, in turn, reduces r-f 
voltage and, correspondingly, the length of the 
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vector representing the r-f voltage. Simultane- 
ously, the other tube is being driven to a higher 
r-f output voltage by the positive part of the 
audio cycle applied to its grid. Therefore, the 
vector representing the increase in output from 
the second tube lengthens, as shown in C. The 
resultant of the shorter vector of plate voltage 
of one tube and the longer vector of the other 
swings from side to side, and a considerable 
amount of phase deviation is introduced. This 
deviation can never exceed the 90° difference 
in the r-f input signal to the two tubes. How- 
ever, the distortion that is encountered usually 


dictates a lower value of phase deviation than 
indicated. The circuit resembles the balanced 
modulator very closely at first glance, but the 
difference between them lies in the fact that in 
this arrangement the grids are fed 90° out of 
phase, and there is vo cancellation of the car- 
rier in the parallel] plate circuit. In the balanced 
modulator, the grids are 180° out of phase and 
the carrier is balanced out. Inherently, this cir- 
cuit is not capable of the low distortion of the 
true balanced modulator carrier reinsertion ar- 
rangement. 


Section II]. SUMMARY AND REVIEW QUESTIONS 


37. Summary 


a. F-m always is produced near the fre- 
quency-determining section of the transmitter 
at a low power level. 


b. Varying the inductance or capacitance in 
an oscillator in accordance with an audio sig- 
nal produces f-m. 


c. A reactance tube injects capacitance or in- 
ductive reactance into an oscillator circuit. 


d. The transconductance of a vacuum tube 
is the ratio of a small change of plate current 
to a small change of grid voltage, with plate 
voltage held constant. 


e. The amplification factor is the ratio of a 
small change in plate voltage to a small change 
in grid voltage, with the plate current held 
constant. 


f. The plate resistance is the ratio of a small 
change in plate voltage to a small change in 
plate current, with the grid voltage held con- 
stant. 


g. The product of the plate resistance and 
the transconductance equals the amplification 
factor. 


h. The basic expression for the resistance 
and reactance injected by a reactance modula- 
tor is 

Z—-A+1 x Ze 

In Im Zy 
where 7, and Z, are the impedances of the volt- 
age divider connected between plate and grid, 
and between grid and cathode, respectively. 
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i A reactance tube can inject capacitance 
or inductance, depending on the components of 
the voltage divider. 


j. The input impedance of a tube changes 
with plate load or transconductance, and this 
change is known as the Miller effect. 


k. A diode modulator acts as a variable re- 
sistor in series with a capacitor placed across a 
tank circuit, effectively changing the phase 
angle of the current drawn from it, and thus 
changing the frequency of the oscillator. 


l. An R-C oscillator can be frequency-modu- 
lated by varying one of the frequency-determin- 
ing resistors. Variation is accomplished by re- 
placing a resistor with the dynamic plate re- 
sistance of a tube. 


m. Crystal oscillators are more stable than 
conventional vacuum-tube oscillators, but they 
cannot be frequency-modulated directly. 


n. A simple phase modulator introduces a 
variable time delay in a circuit, through which 
the carrier signa] must pass. The variable time 
delay can be produced across one element of an 
R-C series circuit. The resistor can be replaced 
by the plate resistance of a tube. 


o. A-m as well as p-m is produced in the 
simple phase modulator; therefore, the con- 
stant-impedance characteristic of a tuned cir- 
cuit is used to overcome this disadvantage. 


p. An R-C series circuit, with output taken 
across the capacitor, is used as an audio correc- 
tor to convert p-m to f-m. 
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q. The two ways by which a signa] can reach 
the plate of a tube are grid-plate capacitance 
and tube transconductance. 


r. The signal path, via the transconductance, 
can be varied by grid signal changes. This pro- 
duces a variable voltage on the plate that com- 
bines with the out-of-phase capacitive voltage 
to produce a variable phase shift. 


s. Greater phase shift can be obtained by 
feeding back part of the output into the grid 
circuit. An iron-cored coil in a tuned plate 
circuit also increases the effective deviation. 


t. It is possible to produce phase modulation 
by varying the phase of a parallel resonant cir- 
cuit by detuning it with the injected reactance 
of a reactance modulator. This parallel reso- 
nant circuit is used as the plate load in an r-f 
amplifier. 


u. A nonlinear coil can be used to generate 
a series of phase-modulated pulses when both 
r-f and a-f currents flow through it at the same 
time. 


v. When the modulation index is low, there 
is only a very slight difference between an f-m 
and an a-m signal. 


w. The vector sum of the two side bands of 
a narrow-band f-m signal, or ordinary a-m sig- 
nal, is known as the double side band. In f-m, 
the double side band is 90° out of phase with 
the carrier, whereas in a-m it is in phase with it. 


a. A-m can be changed to p-m by removing 
the carrier, rotating the double side band 90°, 
and reinserting the carrier. 


y. The double side band can be produced and 
the carrier rejected by a balanced modulator. 


z. The grids of a balanced modulator are op- 
erated either in push-pull or in parallel, with 
the plates connected oppositely. The audio sig- 
nal unbalances the modulator, permitting the 
side bands to go through. 


aa. Varistors, arranged in a bridge circuit, 
can be used to produce a double side band with- 
out the carrier. 

ab. In the modified balanced modulator, the 
grids are excited 90° out of phase. Consider- 
ably more deviation is obtained in comparison 
with the ordinary balanced modulator. 
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38. Review Questions 
a. At what power level is f-m produced? 
b. What varies the frequency of an oscillator? 
c. What is the purpose of a reactance tube? 


d. What are the three basic characteristics 
of a vacuum tube? 


e. What is the relationship between them? 


f. What are the four combinations possible 
for the voltage divider in the reactance modu- 
lator? 


g. What is the Miller effect? Describe how 
it can be used to frequency-modulate an oscil- 
lator. 


h. Describe the operation of a diode modu- 
lator. 


zt. How can an R-C oscillator be frequency- 
modulated? 


7. What is the disadvantage of a conventional 
oscillator as compared with a crystal oscillator 
in an f-m transmitter? 


k. What purpose does audio correction serve? 


1. What happens to the phase of a parallel- 
resonant circuit, operating above its resonant 
frequency? Why? 


m. Why must the amplitude of the r-f car- 
rier, alone, be sufficient to produce saturation 
in the nonlinear coil modulator? 


n. How are the phase-modulated pulses con- 
verted into continuous waves? 


o. When is an f-m signal nearly equivalent 
to a-m? 

p. What is the double side band? 

q. What is the phase of the double side band, 
relative to the carrier, in f-m? In a-m? 

r. How is an a-m signal converted into an 
f-m signal? 

s. How are the input and output circuits of a 
balanced modulator connected? 


t. How do the side bands pass through the 
balanced modulator? 


u. Why is a 90° phase shift network put in 
the grid circuit of some balanced modulators? 
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CHAPTER 4 
F-M TRANSMITTER 





Section I. 


39. Basic Transmitter 


a. The various direct and indirect methods 
for producing frequency modulation involve 
changing either the frequency or phase of an 
oscillator in accordance with some modulating 
signal. In the direct method, the modulating 
signal is injected into a modulator whose output 
varies the frequency of the oscillator in accord- 
ance with the original modulating signal. In 
the indirect method, the modulating signal is 
passed through a correction network to a phase 
modulator. The correction network changes the 
phase of the modulation in such a manner that, 
when the output of a crystal oscillator is passed 
through the modulator, the oscillations are fre- 
quency-modulated in accordance with the modu- 
lating signal. 


b. It is extremely important that the trans- 
mitter be transmitting at its designated fre- 
quency. To achieve maximum frequency sta- 
bility, therefore, the oscillator is operated at 
relatively low frequencies, and the lower the 
frequency, the more stable the oscillator. This 
means that the center frequency of the f-m 
signal output of the modulator-oscillator sec- 
tion is lower than the carrier frequency desired 
for transmission. To raise the f-m signal to the 
correct frequency, it is passed through a series 
of frequency multipliers. Each stage of fre- 
quency multiplication raises the frequency of 
the signal input by some multiple of the funda- 
mental frequency: A doubler produces a signal 
at its output that is twice the frequency of the 
input signal; a tripler raises the frequency three 
times; a quadrupler four times. When the input 
to the frequency multiplier is an f-m signal, the 
multiplier produces an increase in the fre- 
quency deviation. 
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BASIC CIRCUITS 


c. The oscillator-modulator and frequency- 
multiplier sections of the transmitter are oper- 
ated at low power levels, and the output of the 
final multiplier is too weak to be transmitted. 
A power amplifier similar to those in a-m trans- 
mitters acts as the final stage in the f-m trans- 
mitter to build up the signal to the power level 
desired. 


d. The indirect method of f-m transmission 
generally uses a crystal oscillator to produce the 
r-f signal to be modulated since the crystal in- 
creases the frequency stability. In direct f-m, 
a crystal oscillator with its fixed frequency can- 
not be used, because the oscillator must be free 
to change frequency in accordance with the 
modulating signal. Whatever the type of di- 
rect f-m oscillator, it cannot be made as stable 
as a crystal oscillator, and an auxiliary circuit 
must keep it on the correct center frequency. 
Such a circuit is called afc, or automatic fre- 
quency control. A complete description of the 
f-m transmitter covers all the circuits men- 
tioned above. Regardless of the circuits used in 
a particular transmitter, however, it must be 
remembered always that the sole purpose of the 
equipment is the transmission of intelligence 
from one point to another. 


40. Frequency Multiplication 


a. General. In f-m transmitters, frequency 
multiplication of the f-m signal performs two 
functions: It increases the frequency of the 
signal to the value desired for transmission, in 
this way acting the same as a frequency multi- 
plier in an a-m transmitter. It also increases 
the effective frequency deviation of the f-m 
signal. 
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b. Increasing Frequency Deviation. 


(1) 


(2) 


The f-m signal from the oscillator- 
modulator section has a center fre- 
quency f, and a frequency deviation of 
Af caused by the modulating signal. 
The f-m signal therefore varies from 
a maximum of f, + Af to a minimum 
of f. — Af. For example, with an 
oscillator whose unmodulated output 
frequency is 100 kilocycles, a certain 
audio signal causes this frequency to 
swing between 95 and 105 ke, and the 
frequency deviation therefore is +5 
ke. 

If this f-m signal is impressed on the 
grid of a tube which is operating as a 
doubler, the center frequency of the 
doubler output is twice f,, or 200 ke. 
Since the multiplier doubles any fre- 
quency appearing at the grid, when 
the f-m signal is deviated to 95 ke, 
the output frequency is 190 kc. When 
the f-m signal] is 105 ke, the output is 
210 ke. The multiplier output there- 
fore varies from 190 to 210 kc, and the 
new deviation is 10 ke. By doubling 
the frequency at its input, the multi- 
plier also has doubled the frequency 
deviation. The amount of multiplica- 
tion used depends on the frequency to 
which the signal must be raised and 
the amount of frequency deviation de- 
sired. The greater the deviation, the 
greater is the bandwidth of the f-m 
signal transmitted. 


c. Basic Frequency Multiplier. 


(1) 
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Essentially, frequency multipliers are 





TA 


INPUT f 3 


(2) 


(3) 


harmonic generators; that is, the out- 
put frequency is some multiple of the 
input frequency. The output circuit 
must contain not only the original in- 
put frequency, but also harmonics of 
it, and is made selective to the har- 
monic desired, all other frequencies 
being rejected. To produce these har- 
monics, a class-C amplifier stage is 
used with its plate circuit tuned to 
the frequency of the harmonic desired. 
Such an amplifier is called a frequency 
multiplier. 

Figure 63 is the simplified schematic 
of a frequency doubler using a tube 
operated in class C. The input signal 
is impressed across the grid circuit 
through transformer Tl. The fre- 
quency of this signal is the fundamen- 
tal frequency, f, of the system. Be- 
cause of class C operation, the plate 
current is nonlinear and therefore 
rich in harmonics. If a tuned circuit, 
L2-C2, is placed in the plate circuit, 
it can be tuned to the frequency of the 
desired harmonic. When L2-C2 is 
tuned to twice the frequency of £1-C1, 
this stage becomes a doubler. 


In figure 64, a typical ¢,-e, character- 
istic curve for a tube in class C opera- 
tion is shown. The grid is biased far 
below cut-off, and plate current flows 
only during the portion of the signal 
that takes the grid voltage above cut- 
off. This portion of the signal is only 
a fraction of the positive half-cycle, 
and the resultant plate-current flow is 
in the form of short pulses during the 
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Figure 63. Simplified schematic of frequency doubler. 
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time the grid voltage is above cut-off. 
The amplitude of these pulses depends 
on the amplitude of the signal at the 
grid. 
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Figure 64. Class C amplifier operation. 


(4) 


(5) 


The output pulses of plate current are 
distinctly nonlinear in respect to the 
input signal, and it is this character- 
istic of class C operation that is used 
to produce an output at the harmonic 
frequency. If the output waveform ex- 
actly reproduced the sinusoidal input 
waveform, then no frequencies could 
be present in the output that were not 
present in the input. If the shape of 
the waveform is changed, new fre- 
quencies must have been added. These 
new frequencies take the form of har- 
monics of the input frequency. The 
frequencies present depend on the dur- 
ation of the pulse and how sharply it is 
peaked. The shorter and sharper the 
pulse, the more harmonics are pro- 
duced in the output. With a doubler, 
for example, the tube is biased farther 
beyond cut-off than in a class C ampli- 
fier. This produces a shorter and 
sharper pulse which contains suffi- 
cient energy at the second harmonic 
to drive the tank circuit. Biasing the 
tube farther beyond cut-off requires a 
larger input signal to produce the 
same amplitude of current flow in the 
plate circuit. 

The amount of multiplication depends 
on the final frequency and frequency 
deviation desired. A single multiplier 


can be used to multiply the frequency 
by as much as five times. The higher 
the order of multiplication, however, 
the lower the output of the stage. 
Usually, the desired multiplication is 
obtained through several successive 
stages, the highest-order multiplier 
used being the quadrupler. For ex- 
ample, the center frequency of the sig- 
nal from a modulator-oscillator sec- 
tion is 10 megacycles, and it is desired 
to transmit this signal at a center fre- 
quency of 80 me. This means multi- 
plying the signal frequency eight 
times. Two possible ways of obtaining 
this amount of multiplication are 
shown in figure 65. In A, three multi- 
plication stages are used. Each stage 
is a doubler with its output tank tuned 
to the second harmonic of the signal 
input at its grid. The first stage raises 
the center frequency of the signal 
from 10 to 20 mc. This is applied to 
the center frequency of the input of 
the second doubler, which raises the 
center frequency to 40 me. The last 
doubler stage raises the signal to the 
desired center frequency of 80 mc. 


(6) In B, the same result is obtained by 
using a frequency quadrupler followed 
by a doubler. The frequency is multi- 
plied four times in the first stage, and 
the output then is fed to a doubler. 
This produces the same amount of 
multiplication as the three doublers 
used in the first method, and with 
only two tubes. The second method is 
used where compactness and economy 
are desirable, but efficiency and power 
output are lower. 


d. Push-Push Doublers. When the plate tank 
of the circuit in figure 66 is tuned to twice the 
frequency of the input, the circuit acts as a 
very efficient doubler. Its operation can be con- 
sidered similar in action to that of a full-wave 
rectifier. The grid of each tube is biased ap- 
proximately to cut-off so that plate current 
flows in each tube on succeeding half-cycles. 
When the signal input across the secondary of 
T makes the grid of V1 positive in respect to its 
cathode, the tube conducts; at the same time, 
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Figure 65. Two typical frequency-multiplier chains. 


the signal applied to the grid is of V2 negative 
and V2 remains cut off. On the next half-cycle 
of input voltage, V2 conducts and V1 is cut off. 
The plates of V1 and V2 are connected in par- 
allel; therefore two pulses excite the tank cir- 
euit for each cycle of input. These pulses there- 
fore drive the tank at a frequency twice that of 
the input. The output can be compared to the 
ripple present in the output of the unfiltered 
full-wave rectifier circuit. Because of its sim- 
plicity, this circuit is widely used in f-m trans- 
mitters. If compact design is desired, the cir- 
cuit can serve also as combination doubler and 
power amplifier because of its relatively high 
efficiency and low output of undesirable har- 
monics. 


e. Multiplier Operation at High Frequencies. 
The operation of frequency multipliers at high 
frequencies is hindered by degenerative effects 
tending to lower the power output. These effects 
can be caused by capacitive or inductive feed- 
back. Capacitive coupling between grid and 
plate circuits caused by the interelectrode ca- 
pacitance gives rise to degeneration which is 
equivalent to loading the output circuit. It has 
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Figure 66. Push-push doubler. 


been found that power tubes with large values 
of mutual conductance and grid-plate capaci- 
tance are rendered inoperative as multipliers 
at high frequencies by this loading effect. Be- 
fore the circuit can be made to operate with 
full efficiency and power output this loading 
effect must be neutralized. Three methods of 
canceling the effects of the grid-plate capaci- 
tance are illustrated in figure 67. 


(1) The circuit in A shows one method of 
neutralizing the grid-plate capaci- 
tance, C,,. Capacitor C, provides feed- 
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back which is 180° out of phase with 
the degenerative feedback caused by 
Cy. By selecting the correct value of 
C,,, the two feedbacks are made equal, 
but out of phase, and cancel. Care 
must be taken not to make C, too 
large, or the regenerative feedback 
will cause oscillation. C, usually is 
adjusted for minimum d-c plate cur- 
rent with the plate circuit at reso- 
nance. Another method, shown in B, 
is to insert from plate to grid a series 
L-C circuit which is antiresonant at 
both input and output frequencies. 
This has the effect of placing a high- 
impedance feedback path from plate 
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Figure 67. Neutralizing circuits. 


(2) 


(3) 


to grid. C,, is adjusted for minimum 
plate current with the circuit at reso- 
nance. If the input circuit between 
grid and cathode presents a low in- 
ductive reactance to the feedback volt- 
age, it will serve to balance out the 
effects of degenerative feedback. By 
inserting the proper amount of induc- 
tance, as shown in C, in series with 
the grid circuit, the degenerative feed- 
back is canceled. L, must not be made 
too large, or the circuit will oscillate. 
In a v-h-f (very-high-frequency) mul- 
tiplier, lengthening the grid lead may 
be sufficient to provide this induct- 
ance. 


Degeneration equivalent to an output 
loading effect also can be produced by 
cathode inductance common to both 
plate and cathode circuits. This in- 
ductance prevents the cathode from 
being connected directly to ground, 
and plate current flowing through the 
cathode circuit creates a reactive volt- 
age which opposes the input signal. 
To obtain efficient operation at very- 
high frequencies, the cathode induc- 
tance must be neutralized at both in- 
put and output frequencies. A method 
for accomplishing this is illustrated in 
figure 68. The circuit is a series com- 
bination of Z1 and C1 shunted by ea- 
pacitor C2, the combination being in 
series with the cathode lead. L1 and 
C1 in series with L, form a circuit 
providing series resonance at the in- 
put frequency. Z;, and shunt capacitor 
C2 form a series resonant circuit to 
ground at the output frequency. 


Several tetrodes and pentodes have 
been designed especially for use at 
very-high frequencies. In these, two 
separate leads for grid and plate re- 
turns to the cathodes have the effect 
of reducing degeneration. When high 
output and efficiency are needed, these 
tubes can be used in a push-pull ar- 
rangement. Also, if the screen grid 
of a tetrode or pentode is effective at 
the frequency of operation, no neu- 
tralization is required. 
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Figure 68. Cathode inductunce neutralization. 


f. Other Frequency Multipliers. 


(1) 


(2) 
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Mixers similar to those in superhet- 
erodyne receivers can be used for fre- 
quency multiplication. However, they 
give no increase in effective deviation. 
It is possible also to synchronize an 
oscillator running at a higher fre- 
quency with one at a lower frequency, 
if the two frequencies are multiples of 
one another. The synchronized oscil- 
lator is used more frequently, how- 
ever, as a frequency divider. 


Higher multiples of a given frequency 
can be obtained by using a nonlinear 
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ly 
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device that produces harmonics. The 
distortion of the grid current in a 
class C amplifier is one method. A 
second method produces harmonics in 
a mixer or other nonlinear modulator. 
The desired harmonic is amplified and 
then fed back to the mixer, where it 
reinforces the output at its own fre- 
quency. This device is called a regen- 
erative modulator. Since subharmon- 
ics can be selected as well as harmon- 
ics, the device can be used also as a 
frequency divider. In practice, this 
has been its principal application. 


g. Combined Frequency Multiplier, Master 
Oscillator. 


(1) 


(2) 






SCREEN GRI 
VOLTAGE 


The master oscillator and a multiplier 
can be combined in a circuit using only 
one tube. In figure 69, such a circuit 
combines the oscillator and multiplier 
in a single pentode tube. Elimination 
of components and reduced current 
drain are gained at the expense of 
only a slight loss in oscillator stabil- 
ity. 

The oscillator is a simple Colpitts, 
with r-f oscillations generated in the 
control-grid, screen-grid circuit of the 
tube. The output frequency is selected 
by a tuned plate load, L2-C2. The 
tank cireuit, L1-C1, in conjunction 
with C8 and C9 forms the fundamen- 
tal frequency - determining compo- 
nents. The grid-leak bias for the oper- 
ation of the oscillator is provided by 
R1 and C4. The r-f choke in the cath- 
ode circuit permits d-c current to re- 
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Figure 69. Typical combined oscillator, frequency multiplier. 


71 


72 


(3) 


(4) 
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turn to the negative side of the power 
supply, at the same time maintaining 
the r-f potential at the cathode. The 
screen is effectively bypassed for r-f 
by C5. Therefore, the screen can act 
as a grounded plate, with the control 
grid and cathode serving their normal 
functions. The result is a triode oscil- 
lator circuit. 


The current pulses generated by the 
oscillator section reach the plate flow 
through the tuned resonant circuit 
formed by L2 and C2. This circuit 
presents a high impedance to the har- 
monic frequency of the plate current 
pulses since it is tuned to resonance 
with it. Consequently, a considerable 
harmonic voltage is developed between 
plate and ground. The lower part of 
the plate tank circuit is bypassed to 
ground through capacitor C6 and the 
output from the stage is coupled capac- 
itively to the following stage through 
C7. 


Since the output circuit is coupled to 
the oscillator circuit through the elec- 
tron stream alone, there is compara- 
tively little interaction. If the screen 
voltage is set properly, it is possible 
to reduce the variation in operating 
frequency with changes in tuning of 
the output circuit to a low value. The 
higher the order of harmonic to which 
the plate circuit is tuned, the better 
the stability of the oscillator. Any 
interaction between output and oscil- 
lator circuits must come as a result of 
Miller effect between the two circuits. 
Capacitive coupling between the grid 
and plate, which tends to cause this 
interaction, is considerably reduced by 
the shielding effect of the screen grid. 
Therefore, the grounding of this grid 
through capacitor C5 must be com- 
plete to obtain maximum isolation. 


The circuit of figure 69 is one possible 
way in which a frequency multiplier 
can be combined directly with the os- 
cillator. Any oscillator circuit that 
can operate with its plate at ground 
potential can be substituted for the 


Colpitts circuit shown. The frequency- 
multiplier action is the same regard- 
less of the oscillator, the only advan- 
tage gained with any specific circuit 
being attributable to the character- 
istics of the oscillator itself. 


41. Power Amplifiers 
a. F-M Power Amplifiers. 


(1) 


(2) 


The requirements for an f-m power 
amplifier are somewhat different from 
those for a-m, in which the power 
amplifier is usually the stage in which 
the modulation is introduced. There- 
fore, any losses that take place during 
the modulation process must be dissi- 
pated in the power amplifier stage. 
Since the f-m power amplifier has no 
connection with the modulation proc- 
ess, the only losses that are involved 
are those inherent in the tube and cir- 
cuit when amplifying an unmodulated 
carrier. 

When a-m is produced in a low-level 
stage, it is necessary that the power 
amplifiers reproduce the modulation 
envelope without distortion, and 
therefore linear amplifiers must be 
used. F-m, which is also produced at 
a low level, does not have a modulation 
envelope that can be distorted by the 
limiting action of highly efficient class 
C amplifiers. The characteristics of an 
f-m power amplifier are determined at 
class C, c-w ratings. 


b. Class C Amplifiers. 


(1) 


(2) 


A typical class C amplifier, as used 
for f-m signals, is shown in figure 70. 
The input signal is supplied through 
a tuned transformer, T1. Output is 
developed by the r-f signal appearing 
across the parallel-resonant circuit, 
T2. 

Figure 71 shows the relationship be- 
tween the various voltages and cur- 
rents in the circuit of figure 70. The 
grid bias, e,., is developed across the 
tuned circuit of T1. The class C ampli- 
fier operates with grid bias much 
greater than cut-off. Therefore, the 


AGO 421A 


(3) 


(4) 


AGO 421A 


INPUT 





OUTPUT 


TM668~—-70 


Figure 70. Class C amplifier. 


grid excitation voltage causes plate 
current to flow during only part of 
the cycle. During the remainder of 
the cycle, the voltage on the grid is 
below the cut-off value, the plate cur- 
rent, i,, is zero, and the corresponding 
plate voltage, e,, rises to its highest 
value, or #,,. Since no plate current 
flows, the voltage drop across the plate 
load impedance must be zero. The 
voltage drop across the load, there- 
fore, is 180° out of phase with the grid 
voltage. The a-c components of the 
plate and grid voltages are sinusoidal 
because of the sharply tuned resonant 
circuits. 


Plate current flows when the grid 
voltage, e,, rises above cut-off. The 
angle of flow of plate current is 4, and 
is usually less than half a cycle. Grid 
current flows during the angle ¢, 
when the grid voltage, e,, becomes pos- 
itive. The sum of these two currents, 
t + i,, is the space current, 7,, and 
represents the total current leaving 
the cathode. The angle of grid cur- 
rent flow depends on the ratio of the 
grid bias to the peak signal amplitude. 
This is equivalent to saying that, in 
a particular amplifier, the value of the 
grid bias chosen determines the angle 
of plate current flow for a given input 
signal. Short angles of flow give high 
efficiency and low power output, 
whereas large angles give low effi- 
ciency and higher power output. 


At any moment, the total power input 
to the plate is the product of the total 


voltage, e,, supplied to the plate, and 
the instantaneous plate current, 4. 
The power output is equal to the prod- 
uct of the load voltage and the plate 
current. The power loss at the plate 
is the difference between the input 
power and the output power. The effi- 
ciency of a class C amplifier is the ra- 
tio in percent of the output to input 
power and is usually between 60 and 
80 percent. This high efficiency is pos- 
sible because the plate current flows 
only when most of the voltage drop is 
across the output circuit. Therefore, 
only a small part of the supply volt- 
age is wasted as a voltage drop be- 
tween the plate and cathode of the 
tube. 


(5) Since the grid of the tube swings posi- 


tive and draws current during part of 
the cycle, power is absorbed from the 
excitation circuit, which is the prod- 
uct of the exciting voltage, e,, and the 
grid current, 7.. Some of this power is 
lost at the grid, and the remainder is 
dissipated in the bias battery. If grid- 
leak bias is used, the remainder is dis- 
sipated as heat in the grid-leak re- 
sistor. 


c. Class C Power Amplifiers With F-M Ex- 


(1) An f-m wave will not be distorted in 


passing through such an amplifier, 
since the frequency of the voltage de- 
veloped at the output is the same as 
that provided by the grid excitation. 
If the input signal deviates through 
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Figure 71. Current and voltage in Class C amplifiers. 
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a number of cycles, the output signal 
deviates by the same amount. Since 
resonant circuits are used in both in- 
put and output circuits, it is necessary 
that they have broad enough selectiv- 
ity that the full frequency band of the 
modulated carrier is passed without 
reducing the amplitudes of the outer 


sidebands. This is possible only where 
the total bandwidth of the f-m signal 
is not large compared with the carrier 
frequency. This places a restriction 
on the maximum usable deviation. 


An examination of the circuit in figure 
70 shows that, since the grid and plate 
circuits are tuned to the same fre- 
quency, energy can feed back through 
the grid-plate capacitance, permitting 
tuned-plate, tuned-grid oscillation at 
the frequency of the tuned circuits. In 
all triode amplifiers, this tendency to- 
ward oscillation must be neutralized. 
Figure 72 shows the same circuit as 
figure 70, with the addition of a 
tapped plate-tank coil grounded at the 
center by a bypass capacitor. From 
the side of the coil opposite the plate 
connection, a small variable capacitor, 
C,,, is connected to the grid. Since the 
opposite sides of the coil are 180° out 
of phase, the voltage tapped by the 
small variable capacitor is therefore 
180° out of phase with the plate volt- 
age. It is also out of phase with any 
grid voltage fed back through the 
grid-plate capacitance. The variable 
capacitor, along with the interelec- 
trode capacitance from grid to cathode 
(shown in dashed lines), acts as an 
adjustable voltage divider which per- 
mits a variable amount of out-of-phase 
voltage to be applied to the grid. The 
voltage tending to cause oscillation is 
out of phase with this neutralizing 
voltage. It therefore can be canceled 
out if the two are made equal by 
proper adjustment of the neutralizing 
capacitor. The neutralizing capacitor 
is of approximately the same size as 
the grid-plate capacitance. It usually 
is made slightly larger in practical 
high-frequency circuits. This is done 
because inductance in the connecting 
leads produces reactance opposite to 
that of the capacitor and tends to re- 
duce its effectiveness. 


d. Class C Tetrode Amplifiers. 
(1) The disadvantages of ordinary triode 


amplifiers in the frequency range 
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Figure 72. Neutralized triode amplifier. 
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where f-m usually operates are many. 
The necessity for neutralization 
means that an additional adjustment 
is needed and, as the frequency in- 
creases, this becomes more and more 
critical. Because of their low power 
sensitivity and high output capaci- 
tance, a large amount of grid excita- 
tion power is needed to produce a 
given amount of output power and the 
excitation requirements increase as 
the frequency increases. The high out- 
put capacitance of triodes also re- 
duces the value of usable tank-circuit 
inductance, resulting in high Q and 
too narrow a band pass. At higher 
frequencies, where it is important to 
conserve the number of tubes and the 
amount of total power input, tetrodes 
are more useful. 


The operation of a tetrode amplifier 
for the very-high frequencies used for 
f-m transmitters is somewhat differ- 
ent from that for the triode. The grid 
bias is set with reference to screen- 
current cut-off, as compared to plate- 
current cut-off in a triode. The angle 
of flow therefore depends largely on 
the screen-grid voltage and control- 
grid bias. The maximum grid voltage 
must not be greater than the screen 
voltage. In addition, the minimum 
plate voltage during the operating 
eycle must not be less than the screen 
voltage (except in beam tetrodes). If 


(3) 


this last condition occurs, the plate 
emits secondary electrons that are col- 
lected by the screen, making the plate 
a virtual cathode. The space charge 
in a beam tetrode (or the suppressor 
in a pentode) prevents this effect. 


In the higher part of the v-h-f range, 
it is no longer possible to use many 
tetrodes as class C amplifiers for f-m. 
At these frequencies, the inductance 
of lead wires and internal tube sup- 
ports produces enough reactance to 
prevent the screen from being effec- 
tively grounded to r-f currents. There- 
fore oscillation can occur. For limited 
frequency ranges, it is possible to re- 
duce the impedance from screen to 
ground by making the screen bypass 
capacitor and the screen lead induc- 
tance a series resonant circuit. How- 
ever, if the circuit must be used over 
a wide frequency range, which is com- 
mon with f-m equipment, an addi- 
tional screen neutralizing control 
must be added, the operation of which 
is very critical. To overcome this diffi- 
culty, special circuits must be used. 


e. Grounded-Grid Triode Amplifiers. 


(1) 


(2) 


There are three types of triode ampli- 
fiers, the type depending on the man- 
ner in which the signal is applied to 
obtain an output. The load may be 
connected between the plate and 
cathode, with the signal applied be- 
tween the grid and cathode. If the 
common element is placed at zero po- 
tential, the stage is called a grounded- 
cathode amplifier. In the cathode fol- 
lower, the plate is grounded to r-f, the 
signal is applied between grid and 
ground, and the load is placed between 
the cathode and ground. Finally, in 
the grounded grid amplifier (fig. 73), 
the signal is applied between the 
cathode and ground, the grid is 
grounded, and the output is taken 
across a load between plate and 
ground. 


The grounded-grid circuit permits a 
triode to be operated at high frequen- 
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Figure 73. Grounded-grid amplifier. 


cies without neutralization. There- 
fore, one of the most objectionable 
features of a triode r-f power ampli- 
fier is overcome. In this circuit, the 
grid is grounded through an r-f by- 
pass capacitor and serves as a shield 
between the input and output circuits, 
thus preventing feedback of energy 
and resultant oscillation. It also has 
the advantage of very low output ca- 
pacitance, since the only capacitance 
across the output added by the tube is 
that between grid and plate (fig. 73). 
In tubes designed especially for this 
purpose, the capacitance is made very 
low and larger values of inductance 
can be used in the plate circuit at rel- 
atively high frequencies. This results 
in higher efficiency. 


Another characteristic feature of the 
grounded-grid amplifier is that both 
the driver stage, which supplies the 
input, and the amplifier stage itself 
supply the plate load circuit. Note 
that the driver produces an r-f volt- 
age e, across the input terminals. An 
r-f voltage also is produced across the 
plate and cathode elements of the tube. 
These voltages are 180° out of phase 
in respect to the cathode, and there- 
fore the r-f output voltage from plate 
to ground is the sum of the two out-of- 
phase voltages. 


The plate current generally is 180° 
out of phase with the plate voltage. 


(5) 


(1) 


This means that the signal current 
flowing in the cathode circuit must be 
the same as the plate current. The 
cathode can have low impedance, and 
the plate circuit can have high im- 
pedance. Therefore, the tube acts as 
a device to transfer the space current 
from a low impedance to a high im- 
pedance. The output power is pro- 
portional to the square of the current 
multiplied by the resistance; there- 
fore, the input (cathode power) is 
low, the output (plate power) is high, 
and the tube acts as a power amplifier. 
The gain of the amplifier is propor- 
tional to the ratio of the output im- 
pedance to the input impedance. 


Because the input impedance can be 
made small, the bandwidth of the in- 
put circuit can be very great. Since 
the output capacitance is only that 
from plate to grid, the inductance in 
the plate circuit can be made large for 
a given resonant frequency. There- 
fore, the selectivity of the output cir- 
cuit also can be made broad. 


f. Push-Pull Amplifiers for F-M. 


The grounded grid push-pull amplifier 
is used frequently in high-power f-m 
systems at very-high frequencies. This 
circuit can be used also in the micro- 
wave region with specially con- 
structed tubes and circuits. When two 
tubes are within one envelope, degen- 
eration resulting from the inductance 
of the cathode lead is canceled out. 
This permits the use of lower values 
of grid drive than would be necessary 
with two separate tubes or with a 
single-ended stage. Typical circuits 
for push-pull triode and beam-tetrode 
amplifiers are shown in figure 74. Be- 
cause two tubes are involved, twice 
the amount of excitation must be sup- 
plied. However, the output capaci- 
tance placed across the plate tank cir- 
cuit and the input capacitance across 
the grid tank are halved because the 
tube capacitances are in series, and 
therefore equal to only half the value 
of one alone. 
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Figure 74. Push-pull amplifiers. 


(2) At high frequencies, the necessity for 
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neutralization of the push-pull triode 
amplifiers with its attendant difficul- 
ties makes the use of tetrodes desira- 
ble. These are combined in one en- 
velope for high frequencies so that the 
internal inductance of the leads and 
tube elements does not interfere with 
operation. The usual tube construc- 
tion has a single cathode which elimi- 
nates the problem of separate cathode- 
lead inductance. Neutralization of any 
amplifier increases the output capaci- 
tance of the tube. The push-pull cross- 
neutralized amplifier shown in A of 
figure 74 has an output capacitance 
equal to the plate-cathode capacitance 
of each tube in series plus twice the 
grid-plate capacitance. This extra 


OUTPUT 
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capacitance is added by the neutraliz- 
ing circuit. It limits the operating fre- 
quency of the amplifier because the 
output capacitance is a major factor 
in determining the plate-tank con- 
stants at very high frequencies. 


Some of these difficulties can be over- 
come by using push-pull, grounded- 
grid amplifiers. The operation of 
these amplifiers is similar to the 
single-ended stage, the major differ- 
ence being the change in the cathode 
input impedance. Both cathode loads 
are effectively connected in series, and 
the input impedance becomes four 
times the value of one tube alone. 
Each part of the cathode load acts in- 
dependently for its associated tube 
and therefore the voltage across both 
loads is twice that of the individual 
load. When the voltage across the 
secondary is doubled, the impedance, 
which is proportional to the square of 
the voltage, is increased by a factor of 
four. The same thing is true of the 
output load impedance in all push- 
pull amplifiers. The voltage across 
each section of the primary is the 
same as for a single-ended amplifier. 
The doubled voltage of the push-pull 
connection requires a total load im- 
pedance of four times the impedance 
for one side of the load. This makes 
the requirements for tank-circuit in- 
ductance easier to meet at very-high 
frequencies and accounts for the wide 
use of push-pull circuits for f-m 
power amplifiers. 


g. Power-Amplifier Input Circuits. 


It is highly desirable to have as effi- 
cient a transfer of power from the 
driver stage to the power amplifier as 
possible. Therefore, the grid tank cir- 
cuit must provide an impedance match 
between the grid input impedance of 
the amplifier and the plate output im- 
pedance of the driver stage. If a 
grounded-grid amplifier is used, sim- 
ilar considerations apply to the cath- 
ode tank circuit. 
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The impedance of a circuit normally 
is defined as the ratio of voltage to 
current. However, in the grid circuit 
of a class C amplifier, this ratio is far 
from constant. When the grid voltage 
goes highly negative, no current is 
drawn at all; when it is positive, a 
great deal of current flows. There- 
fore, the impedance of the grid circuit 
varies over a range from an extremely 
high to an extremely low value 
through the operating cycle. If the 
input impedance of the grid circuit 
is too high, the heavy current de- 
manded by the extreme positive grid 
swing cannot be drawn. As a result, 
actual grid voltage and consequent loss 
of peak efficiency are reduced in the 
operation of the amplifier. If the im- 
pedance of the grid tank circuit is too 
low, a great deal of power from the 
driver stage is required to operate it, 
and the losses in the inductor consume 
a considerable amount of the applied 
power. Generally, a compromise value 
is used which is approximately equal 
to the ratio of the driving power in 
watts divided by the square of the 
grid current. The choice of values for 
the components in the grid tank cir- 
cuit is determined by this impedance. 
The result usually is satisfactory regu- 
lation of the grid voltage without ex- 
cessive power loss. 


Some of the actual circuits used at 
the grids of single-ended, push-pull, 
and grounded-grid amplifiers are 
shown in figure 75. The simplest of 
the capacitance-coupled, tuned-input 
circuits for a single-ended power am- 
plifier is shown in A. The inductor, L, 
and the capacitor, C, constitute a tank 
circuit. The inductor is tapped so that 
it steps up the signal voltage from the 
plate circuit of the driver tube. The 
signal is coupled from the top of the 
plate load to the grid through C,. 
Bias is supplied to the grid through an 
r-f choke. The circuit of B is much 
the same as that of A, except that the 
tuned circuit is now in the grid circuit 
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of the power amplifier, and driver 
plate voltage is supplied through an 
r-f choke. This arrangement is used 
when the required impedance at the 
grid of the power amplifier is lower 
than the output impedance needed in 
the driver stage. 


The circuit in C permits complete d-c 
isolation of the tuned circuit from the 
driver and amplifier stages. Capaci- 
tors Cl and C2 block the d-c voltages 
and at the same time couple the signal 
from driver plate to amplifier grid. 
Bias is supplied through an r-f choke. 
This circuit provides no means for 
adjusting the impedance between the 
grid and plate circuits. 


The circuit of D permits the driver 
stage to be neutralized. It also pro- 
vides variable drive for the amplifier 
grid and d-c isolation for the bias and 
high-voltage circuits without the need 
for r-f chokes. The inductor, L, of 
the tuned circuit is split into two parts 
at the center, each of which is 
grounded separately with r-f bypass 
capacitors. High voltage for the 
driver plate therefore cannot reach 
the grid of the amplifier, and bias can 
be applied at the center tap as shown. 
Neutralization for the driver is ob- 
tained from the side of the tuned cir- 
cuit opposite the plate through C,,. 


The capacitively coupled circuit in E 
also permits neutralization of the 
driver. Driver plate voltage is fed to 
the center tap of ZL through an r-f 
choke. A split-stator tuning capaci- 
tor, C, is used to tune the circuit to 
resonance. The neutralizing voltage 
is derived from the lower end of the 
coil and fed back through C, as be- 
fore; the grid drive for the amplifier 
is coupled through capacitor C, from 
the same point. Bias for the amplifier 
grid is introduced through the r-f 
choke, as shown. 


In F, the tuned-plate tank of the 
driver is inductively coupled through 
a low impedance link to a tuned-grid 
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Figure 75. Practical power amplifier grid tank circuits, 
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circuit. The link inductance is small, 
and therefore the impedance of the 
coupling circuit is low. This mini- 
mizes losses in the transmission of 
driving power, and at the same time 
provides great flexibility in matching 
impedances between the driver and 
the power amplifier. The equivalent 
arrangement used with a neutralized 
driver is shown in G. The high volt- 
age is applied to the tuned circuit of 
£1 and C1 of the driver and the neu- 
tralization is accomplished by C,. The 
link circuit is slightly different in that 
the coupling link from the driver is 
positioned in the center of £1 rather 
than at its lower end. 


The input circuits for push-pull am- 
plifiers (fig. 76) are variations of 
those used in single-ended amplifiers. 
The capacitive coupling arrangement 
in A uses a tuned-plate circuit for the 
driver tube formed by £1 and Cl. Be- 
cause each half of the split coil is out 
of phase with the other half, each 
half can supply grid drive in push- 
pull directly through coupling capaci- 
tors C2 and C3. A split-stator capaci- 
tor, Cl, is used as the main tuning ca- 
pacitor for the coupling arrangement. 
Two r-f chokes are used, one from 
each grid to the bias supply. Capaci- 
tor C4 introduces a small amount of 
capacitance from the lower end of the 
tank circuit to ground in order to com- 
pensate for the plate-to-ground capac- 
itance of the driver tube, which ap- 
pears across the upper half of the 
circuit. Driver plate voltage is applied 
through a suitable r-f choke. Neu- 
tralization of the driver stage is pro- 
vided by C;. 


An inductive coupling arrangement 
for the grid tank circuit is shown in 
B. The link circuit transfers energy 
from the driver tank, L1-C1; the out- 
of-phase voltages to the push-pull 
grids of the amplifier are developed 
across the split-stator capacitor, C2. 
Bias ig introduced through an r-f 
choke. In C, the coil is center-tapped 
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and grounded by a capacitor, and grid 
bias is introduced directly at the cen- 
ter tap. A third variation of the cir- 
cuit is shown in D, where neither the 
split-stator capacitor nor the coil is 
grounded directly. C2 is grounded 
through an r-f bypass capacitor. The 
resistor, R, is low in value and is 
placed in series with the center tap 
of coil L2 and tuning capacitor C2. It 
serves to equalize any slight variation 
in the center tap of the coil. Bias is 
supplied at the center tap on L2. 


The choice of one or another of the 
circuits mentioned above depends on 
several considerations. Where the 
tuning capacitor is grounded directly, 
it must have twice the voltage rating 
of one that is grounded through a ca- 
pacitor. In some instances, the use 
of an r-f choke for bias is undesirable; 
therefore, one of the capacitor ar- 
rangements must be used. The choice 
of inductive or capacitive coupling de- 
pends on the character of impedance 
matching and therefore indirectly on 
the frequency of operation. Gener- 
ally, at the higher frequencies, the 
simpler coupling arrangements are 
preferred because of their lower 
losses. Finally, the link-coupled cir- 
cuits permit the driver to be located 
at some distance from the amplifier 
and connected to it through a low- 
impedance transmission line. 


h. Power-Amplifier Output Coupling Net- 
works. 


All power amplifiers used at high fre- 
quencies must be coupled to a load 
circuit. Generally the impedance of 
the load is not the same as the plate- 
circuit load required by the amplifier. 
At the very-high frequencies where 
f-m is used, the amplifier is coupled 
to the antenna through a transmission 
line. In small portable units, the an- 
tenna usually is connected to the am- 
plifier tank circuit by a different type 
of coupling arrangement. The impe- 
dance of the load must be matched to 
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the plate impedance of the tube for 
maximum transfer of energy. There 
are many practical means of accom- 
plishing this, and a variety of induc- 
tive and capacitive coupling circuits 
are used. 


(2) The effect of the coupling network on 
the power amplifier is much the same 
regardless of the particular network 
involved. Analysis of the circuit shown 
in A of figure 77, shows that the out- 
put of the amplifier developed across 
the high-impedance plate tank circuit 
load is coupled to a low-impedance 
transmission line by a tuned step-down 
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transformer. The circuit must per- 
form the following functions: 


(a) The input impedance of the coupling 
network must meet the tube require- 
ments for load impedance. 


(b) The transfer efficiency of the net- 
work (the ratio of output power to 
input power) should be as high as 
possible. 


(c) The input impedance at all fre- 
quencies except that to be amplified 
should be small so that spurious fre- 
quencies generated in the amplifier 
are minimized. 


(d) The selectivity of the network 
should suppress unwanted frequen- 
cies and prevent their transfer to 
the load. The selectivity must not 
be so high that outer side bands of 
the frequency-modulated signal are 
reduced in amplitude. 


(3) Capacitor C2 in A is adjusted so that 
it resonates with L2 at the center oper- 
ating frequency. The coupling between 
L1 and L2 then is adjusted to present 
approximately the desired load imped- 
ance to the tube. Finally, Cl is varied 
until the circuit presents a purely re- 
sistive impedance to the tube. At this 
point, the d-c plate current of the am- 
plifier is a minimum because the power 
factor is unity. The tuning curve of 
d-c plate current versus capacitance is 
shown in B. 


(4) The load impedance presented to an 
amplifier by a parallel circuit at reso- 
nance is equal to the product of the 
operating Q and the inductive react- 
ance. The actual Q of the inductance 
is many times higher than the operat- 
ing @ since the load that is reflected 
into the parallel circuit by transformer 
action reduces the effective Q of the 
circuit. This is equivalent to placing 
additional resistance R#,,, in series with 
the actual resistance, R1, of coil 11, 
as shown in the equivalent circuit of 
C. The effect of coupling a load to a 
parallel-resonant circuit is to decrease 
the effective Q. For high efficiency, 


AGO 421A 


the unloaded Q of the tank circuit 
should be as high as possible. The 
loaded Q then should be made as low 
as possible. However, this conflicts 
with the requirements of selectivity 
and low impedance to spurious fre- 
quencies. Therefore, a compromise 
value is chosen. Typical values involve 
unloaded Q’s of 200 and loaded Q’s of 
10 to 12 in v-h-f f-m transmitters. The 
transmitter efficiency of the tank cir- 
cuit can be shown to be as follows: 


Transfer efficiency = Q, — Q, * 100 percent 


where Q, is the unloaded Q of the par- 
allel-resonant circuit and Q, is the 
loaded Q. For the values given above, 
the efficiency is 
200—12 « 100 — 94 percent 
200 


t. Practical Transmitter Inductively Coupled 
Tank Circutts. 


(1) A large variety of practical circuits 
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have been devised which present the 
proper load impedance to the power 
amplifier when connected to the trans- 
mission line or antenna. Some of the 
coupling circuits that have not been 
discussed are illustrated in figure 78. 
The simple, parallel-resonant tuned 
circuit in A frequently is used for 
single-ended tetrode amplifiers. The 
circuit is shunt-fed, the plate voltage 
being applied in parallel with the tank 
circuit. The d-c plate voltage applied 
through the inductance is fed through 
an r-f choke which effectively isolates 
the power supply. The tank circuit, 
C1-L1, is coupled to the plate by capac- 
itor C2. The advantage of this circuit 
lies in the removal of all d-c voltages 
from the tuning capacitor. This means 
a lower value of total voltage across 
this component, with correspondingly 
smaller size and lighter weight. A 
major shock hazard from contact with 
an exposed portion of the tank circuit 
is removed. However, the possibility 
of a bad r-f burn always exists. 

Although the circuit in A of figure 
78 is satisfactory when used with tet- 
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Figure 78. Practical plate-tank circuits for class-C 


amplifiers. 
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rodes and grounded-grid triodes, it 
provides no means of neutralizing an 
ordinary grounded-cathode triode. In 
B, the capacitor C, has a split stator 
with the rotor directly grounded. This 
permits an out-of-phase voltage to be 
taken from the lower end of the coil 
and returned to the input through the 
neutralizing capacitor, C,. Plate volt- 
age is applied as before through an 
r-f choke. The blocking capacitor, C2, 
prevents the plate voltage from reach- 
ing the tuned circuit. However, the 
split-stator capacitor effectively di- 
vides the circuit in two parts, and an 
r-f peak of twice the d-c plate voltage 
can appear across each. This requires 
a physically large capacitor and lim- 
its the use of this circuit. 


The problem of excessive capacitor 
voltage is solved in the circuit in C, 
where shunt feed is retained along 
with the neutralizing circuit. How- 
ever, the coil is center-tapped and a 
small r-f choke places the center of the 
coil at the d-c ground potential. The 
over-all voltage across each half of 
the circuit becomes that of the a-c volt- 
age alone, and permits the size of the 
tuning capacitor plate spacing to be 
reduced. 


Another tank circuit which allows the 
neutralization of a single-ended stage 
is shown in D. This circuit is series- 
fed through an r-f choke to the center 
of the tapped tank coil. A split-stator 
capacitor is used for tuning and the 
neutralizing voltage is taken from the 
lower end of the coil through C,. This 
circuit has the same faults as the one 
in B, since the r-f equivalent of twice 
the plate voltage appears across each 
half of the circuit. It can be remedied 
by the circuit of E, where the rotor of 
the tuning capacitor is left ungrounded 
for d-c, but is bypassed for r-f by a 
capacitor. The power-supply voltage 
is applied to the rotor to equalize the 
voltages that would otherwise be built 
up across the tank. This results in a 
severe operating hazard unless the 
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shaft of the tuning capacitor is well 
insulated from the tuning knob. 


The circuit at F is a modification of 
this arrangement, permitting the use 
of shunt feed and doing away with the 
necessity for a split-stator capaci- 
tor. Plate voltage is applied through 
an r-f choke, and the d-c voltage is pre- 
vented from reaching the tank by a 
blocking capacitor, C2. The tank in- 
ductance itself is grounded directly at 
the center tap, making this circuit de- 
sirable when a grounded coil is needed. 
This is the case where the coils are se- 
lected by a rotary indexing switch 
when changing frequency of operation 
over a wide range. 


Almost all of the preceding circuits for 
single-ended stages have their push 
pull counterparts. Some of these are 
shown in figure 79. The circuit in A is 
the push-pull counterpart of the simple 
resonant tank. A split-stator capacitor 
is used with the push-pull version, and 
the rotor is grounded for r-f through 
a bypass capacitor. Plate voltage is 
series-fed to the center of the inductor 
through an r-f choke. To reduce the 
voltage across each half of the tuning 
capacitor, the plate voltage sometimes 
is connected to the rotor. The shock 
hazard introduced by this can be 
avoided by grounding the rotor of the 
tuning capacitor directly, and apply- 
ing the plate voltage through an r-f 
choke, as in B. This circuit has an r-f 
peak of twice the d-c plate voltage 
appearing across each section of the 
capacitor. 


A third alternative, which is less de- 
sirable than the other two, is shown 
in C. Here, plate voltage is applied at 
the center of the inductor, which is 
grounded by a bypass capacitor at that 
point. A single-section tuning capaci- 
tor is used, insulated entirely from d-c 
or a-c ground. An r-f peak of twice 
the d-c plate voltage appears across 
the tank. Many other variations are 
possible following the general princi- 
ples used in each example. 
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Figure 79. Push-pull plate tank circuits. 


j. Antenna Matching Tank Circuits. 


(1) In small, portable transmitters, it is 
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common to find the antenna connected 
directly to the tank circuit of the 
transmitter with no intervening trans- 
mission line. Because the impedance 
of this kind of antenna can vary over 
a considerable range, it must be 
matched directly to the power ampli- 
fier by means of a tank circuit that 












can compensate for a wide range of 
impedance. Three basic circuits, 
adaptable to single-ended and push- 
pull tank circuits alike, which provide 
this variable impedance matching are 
shown in figure 80. 
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Figure 80. Antenna-matching tank circuits for 


power amplifiers, 


(2) A series-fed, parallel-resonant, single- 


ended tank with grounded tuning-ca- 
pacitor rotor and bypassed inductor is 
illustrated in A. Instead of coupling 
the antenna inductively to the tank, it 
is tapped directly to the coil through 
a blocking capacitor. Since the lower 
end of the tuned circuit is grounded 
effectively, the impedance to ground 
at that point must be zero. As the tap 
is moved up on the coil, the impedance 
rises until it reaches the ultimate value 
of the tank circuit impedance. In a 
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practical transmitter, the coil is tapped 
at intervals and a rotary switch is used 
to select the tap which gives the proper 
value of coupling. Because the d-c 
plate current in the amplifier stage in- 
creases with increased loading, the 
tap can be set at the point which gives 
the required d-c current in the stage 
when the tuned circuit is resonated. 
If the blocking capacitor, Cz, between 
the tap and the antenna is made vari- 
able, a further adjustment between 
separate taps can be obtained. 


One of the most frequently encoun- 
tered variable matching networks for 
the output of an r-f amplifier is the 
circuit in B. The plate voltage fed 
through the r-f choke is prevented 
from reaching the antenna by blocking 
capacitor C3. The simple pi-network 
of C1, L1, and C2 is capable of match- 
ing a wide range of impedances, and 
operates as a voltage divider. The 
combination of Z1 and C2 forms the 
divider circuit which develops higher 
or lower voltages at the output termi- 
nal. C1 then tunes the combination of 
C2 and £1 to resonance at the operat- 
ing frequency. Depending on the rela- 
tive values of Cl and C2, a voltage 
much lower than the a-c plate voltage 
can be developed. Consequently, this 
circuit can match an extremely wide 
range of impedances. In addition to 
matching purely resistive loads, the 
circuit also can compensate for a cer- 
tain amount of reactance. This is 
important when using short antennas 
which introduce considerable capaci- 
tive reactance. 


A variation of the pi-network, in 
which one of the capacitors is not 
grounded, is shown in C. Capacitors 
C1 and C2 themselves form the imped- 
ance-matching voltage divider. The 
circuit cannot match as wide a range 
of impedances as the pi-network can, 
and it is further limited because the 
rotor of Cl must be carefully insu- 
lated. The response of these circuits 
to harmonies of the fundamental fre- 


k. Parasitic Oscillation, 


quency is poor, which is a desirable 
feature. The pi-network does not dis- 
criminate against signals below oper- 
ating frequencies. This makes it un- 
desirable to use if the amplifier is 
driven directly by a frequency multi- 
plier. 


Adjustment, and 


Neutralization. 


(1) Many different types of input and out- 


(2) 


put circuits for class C f-m power am- 
plifiers have been described. At first 
glance, the large variety of choices 
available makes it seem difficult to 
understand why a particular circuit is 
chosen. Not all combinations of input 
and output circuits can be used to- 
gether successfully, since some of them 
permit the amplifier stage to oscillate 
at frequencies that are relatively un- 
related to the frequency to which it 
is tuned. These parasitic oscillations 
are distinct from the sort of oscilla- 
tion that occurs in an amplifier which 
is improperly neutralized or one in 
which the input circuit is not shielded 
sufficiently from the output. They are 
undesirable because they cause the 
transmission of spurious signals, thus 
impairing the efficiency of the ampli- 
fier. 


The most noticeable features of para- 
sitic oscillation in an amplifier are 
erratic tuning and the radiation of 
spurious frequencies. When an ampli- 
fier is operating properly, the d-c plate 
current dips sharply as the tank cir- 
cuit is tuned through resonance. This 
plate current minimum also corre- 
sponds to maximum power output. If 
a tetrode is operating normally, the 
plate-current change may not be too 
great, but the screen-current dip will 
be significant. With parasitic oscilla- 
tion, the plate current may not dip at 
all; the minimum may not correspond 
to maximum power output; or several 
dips may appear in the tuning range. 
Since the symptoms presented by a 
stage which is not properly neutral- 
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ized are somewhat similar, it is diffi- 
cult to tell the two effects apart unless 
neutralization is checked first. 


All parasitics are attributable to the 
development of resonant circuits in 
connection with the tube elements in 
Such a way as to permit enough feed- 
back to sustain oscillation. They may 
occur at either high or low frequency. 
Parasitic oscillations occurring at 
much lower than operating frequen- 
cies usually are caused by the resonant 
condition of an r-f choke in the circuit, 
since the r-f chokes are the only in- 
ductors with sufficient inductance to 
resonate with various circuit capaci- 
tances at low frequencies. High-fre- 
quency parasitics can be traced to a 
much wider variety of causes. Among 
these are spurious high-frequency res- 
onant conditions in tank-circuit in- 
ductances; resonant circuits built up 
in lead inductances and stray, or tube, 
capacitances, and resonant conditions 
built up in bypass and blocking capac- 
itors. Moreover, the parasitic circuit 
need not involve the final amplifier 
alone. The driver stage is frequently 
an important part of the parasitic 
feedback circuit which permits oscil- 
lation. 


A recurrent type of high-frequency 
parasitic oscillation is caused by a 
form of tuned-plate, tuned-grid oscil- 
lator in a simple single-ended ampli- 
fier like that of figure 81. The para- 
sitic path is shown in heavy lines. At 
relatively high frequencies, the tank- 
circuit inductance acts like an r-f 
choke, and the capacitors and the leads 
from them form the equivalent of par- 
allel-resonant circuits. The shielding 
effect of the screen grid in a tetrode 
is not sufficient at extremely high fre- 
quencies. Therefore, energy can feed 
back to the grid circuit from the plate 
at high frequencies if both of the para- 
Sitic resonant circuits are almost the 
same in frequency. The difficulty can 
be cured by inserting a parallel induct- 
ance and resistance in the grid or 
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plate lead. This detunes one of the 
parasitic circuits sufficiently to pre- 
vent oscillation. Another method is 
to insert a small resistance in series 
with circuit leads to introduce suffi- 
cient loss to stop oscillation. A third 
alternative is to incorporate a tuned 
parallel-resonant trap that actually in- 
serts a very high impedance in the 
parasitic frequency path. In addition 
to the trap circuit, it is common to find 
small high-frequency capacitors con- 
nected from plate and control grid to 
cathode. These capacitors effectively 
bypass the harmonic path. 


Certain circuit combinations have been 
found to be troublesome. For example, 
r-f chokes rarely are used in both the 
grid and the plate circuit of a triode, 
since they cause a_ low-frequency 
tuned-plate, tuned-grid oscillation (B 
of fig. 81). For this reason, shunt-fed 
circuits are avoided whenever possible, 
since they encourage parasitic diffi- 
culties. In high-gain screen-grid am- 
plifiers, the selection of the screen by- 
pass capacitor becomes very import- 
ant. The substitution of a different 
type when servicing a unit often leads 
to serious instability. Similarly, the 
choice of cathode or filament bypass 
capacitors is also a more critical mat- 
ter than the circuit diagram tends to 
indicate. When replacing any of these 
components in a transmitter, use the 
exact duplicate of the discarded com- 
ponent, and pay careful attention to 
lead dress and parts placement. 


In push-pull circuits, there are many 
more possibilities for the development 
of parasitic oscillation. However, the 
oscillation usually can be traced to 
one of the standard types of oscilla- 
tors operating in conjunction with the 
tube leads or r-f chokes. Remedies 
similar to those found in single-ended 
stages are used. An attempt always 
is made to space the spurious resonant 
circuits in such a way that none of 
them occur at the same frequency in 
the output and input circuits. As such, 
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Figure 81. Parasitic oscillation circuits. 


the circuit diagram of a power ampli- 
fier does not always tell the whole story 
of its operation. Many features are 
involved in the stability of the circuit 
that do not appear in the formal sche- 
matic, since they have to do with lead 
length, choice of wire size, placement 
of parts, and type of component. 

(7) In f-m transmitters, improper neutral- 
ization can lead to a number of diffi- 
culties. The amount of frequency de- 
viation can be changed by a final power 
amplifier on the verge of oscillation. 
In addition, such amplifiers are diffi- 


cult to adjust for optimum power out- 
put and performance. Since the f-m 
signal is steady in amplitude, there 
should be no fluctuation of any of the 
d-c voltages or currents in the final 
amplifier when the transmitter is mod- 
ulated. Any variation in rectified grid 
current indicates either overmodula- 
tion or instability in the driver stages. 
Fluctuation in d-c plate current points 
to parasitics or improper neutraliza- 
tion. Only a stable, properly tuned 
amplifier is capable of providing satis- 
factory performance. 


Section I]. AUTOMATIC-FREQUENCY CONTROL 


42. Frequency Control 


a. Description and Purpose. In military 
transmitters and receivers precise maintenance 
of assigned frequencies is imperative. Some 
transmitters must be capable of continuous fre- 
quency variation over an assigned band of fre- 


88 


quencies and often are combined with receivers 
in the same unit. Since these receivers must be 
kept on exactly the same frequency as the trans- 
mitter, a control system must be used to com- 
pensate for any variation in frequency caused 
by vibration, temperature change, or humidity. 
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The contro! system is essentially an error-cor- 
recting system and usually is referred to as 
automatic-frequency control, or afc. 


b. General Afe Systems. In an afe system, 
some of the output voltage is sampled and com- 
pared with a constant-frequency source, and 
any frequency difference that exists results in 
automatic correction of the frequency of the 
master oscillator. The functional arrangement 
of all afc systems is pictured in the block dia- 
gram of figure 82. 
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Figure 82. Functional block diagram of afc system. 
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The classification of different types of 
afe depends on the means used to con- 
trol the frequency of the oscillator. 
Oscillators which are frequency-modu- 
lated by a reactance or Miller effect 
respond to d-c voltages, and produce 
corresponding frequency changes. The 
correction voltage that is applied to 
the oscillator must be a d-c voltage 
directly proportional to the frequency 
difference between the output of the 
master oscillator and a standard crys- 
tal oscillator. The comparator, there- 
fore, must produce a d-c voltage that 
corresponds to the difference fre- 
quency. Such a device is called a dis- 
criminator. 


Control of the frequency of an oscil- 
lator through the application of di- 
rect voltage to the modulator has cer- 
tain disadvantages from the stand- 
point of precision. D-c amplifiers are 
unstable in respect to changes in tubes 
and line voltages. Moreover, if the con- 
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trol system fails, the frequency of the 
oscillator changes drastically because 
of the abrupt d-c voltage change at 
the modulator. From the standpoint 
of reliability this is undesirable. How- 
ever, the d-c contro! systems are sim- 
ply constructed and, despite their in- 
herent disadvantages, they are widely 
used. 


To overcome the disadvantages of the 
d-c control system, a mechanical ele- 
ment can be inserted in the system to 
act as the oscillator frequency con- 
troller. This is usually a two-phase 
motor, whose rotor position depends 
directly on the phase relation of the 
voltages across its field windings. The 
motor has a shaft with a variable ca- 
pacitor or inductor attached. The ca- 
pacitor or inductor is connected in the 
circuit so that the reactive element 
varies the frequency of the master 
oscillator. This method of afc usually 
is applicable only to large fixed sta- 
tions where weight and size are not 
important. For extremely high fre- 
quencies, where d-c control systems do 
not provide the required accuracy, the 
use of a motor-positioning system is 
frequently the only alternative. The 
motor positioning system has the ad- 
vantage, in the event of failure of the 
control system, that the motor shaft 
does not turn. Therefore, the correc- 
tion reactance produced does _ not 
change, and the frequency is not dis- 
turbed. Of course, if the failure lasts 
over a considerable period of time, the 
oscillator itself shifts frequency be- 
cause of temperature changes and 
other causes. 


Motor control systems and d-c systems 
have varying speeds of response to 
errors of frequency. Because of the 
mechanical inertia of a motor, motor 
systems generally cannot respond 
quickly to changes in frequency such 
as the change caused by modulation 
of the carrier. However, it can re- 
spond much more accurately to slow 
variations. The d-c systems are pre- 
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vented from responding to modulation 
by use of circuits with long time con- 
stants. 


Receiver interlock systems, used in 
small portable units with single-dial 
control, are generally of the d-c type. 
Interlock systems use the same master 
oscillator for the receiver and the 
transmitter. Mixer circuits using crys- 
tal-controlled oscillators produce the 
required frequencies for the local oscil- 
lator of the superheterodyne receivers 
and for the actual master control of 
the transmitters. This system can be 
further refined by using the receiver 
to keep the transmitter locked to the 
frequency of another station. 


43. Discriminator 


a. General. 
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The discriminator is a device for pro- 
ducing a d-c voltage which is propor- 
tional to the frequency of an input sig- 
nal. The polarity of the voltage pro- 
duced depends on whether the fre- 
quency is higher or lower than the fre- 
quency to which the discriminator is 
tuned. The response curve of a tuned 
resonant circuit (fig. 83) shows that 
the sides of the curve approach 
straight lines as the Q of the coil is 
increased. If a signal of variable fre- 
quency is coupled to a tuned circuit, 
the voltage produced across it will de- 
pend on the relation of the frequency 
of the coupled voltage to that of the 
tuned circuit. The voltage also depends 
on the Q, since Q defines the sharp- 
ness of resonance so that frequencies 
farther away from resonance produce 
less voltage across the circuit. 


If the a-c voltage that exists across a 
resonant circuit is rectified by a diode, 
a d-c voltage proportional to the ampli- 
tude of the a-c voltage is produced. If 
the amplitude of the a-c voltage varies 
with the displacement of the applied 
frequency from the actual resonant 
frequency of the tuned circuit, the d-c 
voltage will increase or decrease. 
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Figure 83. Response curves of tuned resonant circuits, 


b. Double-Tuned Discriminator. 
(1) Figure 84 shows a double-tuned dis- 


criminator consisting of tuned cir- 
cuits T1, T2, and T3, diode rectifiers 
D1 and D2, and the filter networks, 
R1C1 and R2C2. The secondaries, T2 
and 73, are tuned to resonate at dif- 
ferent frequencies; one is tuned above 
the carrier frequency and the other an 
equal distance below the carrier fre- 
quency. This provides equal voltages 
at the center frequency, as shown in 
the response curve of figure 85. When 
an r-f voltage that is constant in am- 
plitude and varying in frequency is 
applied to T1, the voltages induced in 
T2 and T3 will be 180° out of phase, 
and alternate voltage polarities will 
appear at the plates of D1 and D2. 
These induced voltages increase and 
decrease in amplitude with the chang- 
ing frequency. For example, assume 
that T2 is tuned to a frequency higher 
than the center frequency. As the in- 
duced voltage approaches the resonant 
frequency of T2, its amplitude in- 
creases in a positive direction. If 73 
is tuned to a lower frequency than the 
center frequency, as the induced volt- 
age approaches the resonant frequency 
of T3 its amplitude increases in a neg- 
ative direction. When the induced 
voltage goes positive at the plate of 
D1, current flows in the circuit D1, T2, 
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and F1 and a voltage proportionate to 
the change of frequency appears 
across R1. As the induced voltage goes 
positive at the plate of D2, current 
flows in circuits D2, T3, and R2, and 
a voltage proportionate to the change 
in frequency appears across R2. Ca- 
pacitors C1 and C2 across the rectifiers 
filter out any a-c variations, and per- 
mit a d-c voltage to be built up across 
the load resistors. 
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Figure 84. Double-tuned discriminator circuit. 
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Figure 85. Response curve of double-tuned 
discriminator. 
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(2) With the connection of the rectifier 
as shown, the voltages across the indi- 
vidual load resistors oppose one an- 
other because the cathodes are both 
at the same potential. Therefore, the 
total voltage between the top of R1 and 
ground depends on the relative value 
of the voltages across R1 and R2. Since 
the voltage across the individual load 
resistors depends only on the fre- 
quency of the applied signal, when the 
frequency is higher than the center 
frequency, the voltage developed by 
the diode connected to the circuit tuned 
above the center frequency is higher 
than that developed across the other 
tuned circuit. Similarly, if the applied 
frequency is lower than the center fre- 
quency, the diode connected to the low- 
frequency tuned circuit produces the 
larger voltage across its load resistor. 
If the frequency of the applied signal 
is exactly at the center frequency, the 
voltage across the load resistors is 
equal, and the total output voltage is 
Zero. 


(3) When the applied frequency is higher 
than the center frequency, more volt- 
age is developed across T2, a greater 
d-c voltage appears across R1, and A 
becomes more negative. With the car- 
rier at the center frequency, the volt- 
age at A, in respect to ground, becomes 
zero. When the frequency swings 
lower than the center the voltage de- 
veloped across 78 is greater than that 
produced across T2, a greater d-c volt- 
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Figure 86. Output voltage of double-tuned discriminator. 
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c. Use 
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age appears across R2, and point A 
becomes positive in respect to ground. 
Therefore, as the applied signal 
swings from below to above the center 
frequency, the voltage at A goes from 
positive to zero to negative. This re- 
sults in the curve of output voltage 
versus frequency shown in A of figure 
86. The voltage across the individual 
load resistors in respect to frequency 
is shown in B. 


of Double-Tuned Discriminator. 


The potential developed at the output 
of a double-tuned discriminator can 
be used as a frequency-correction volt- 
age by applying it to the grid of a re- 
actance-modulator tube. When the dis- 
criminator voltage changes polarity, 
the transconductance of the tube is in- 
creased or decreased and the frequency 
of the oscillator shifts. For example, 
assume that the reactance modulator 
is connected to inject capacitance into 
the oscillator circuit. When the trans- 
conductance is reduced, less capaci- 
tance is injected and the oscillator fre- 
quency increases a small amount. As 
the frequency applied to the discrim- 
inator changes and the voltage output 
becomes positive, the transconduc- 
tance of the reactance modulator is in- 
creased. This injects more capacitance 
across the oscillator tank circuit and 
the frequency of oscillation is lowered. 


(2) If the discriminator is tuned so that 


an increase in frequency of the oscil- 
lator produces a positive voltage, the 
discriminator voltage applied to the 
reactance-modulator tube tends to re- 
turn the oscillator to the center fre- 
quency. Similarly, a decrease in fre- 
quency will cause the oscillator to re- 
turn to its normal frequency. Since 
all of the operations take place at the 
oscillator frequency, and since the fre- 
quency at which the system becomes 
stable is the center frequency of the 
discriminator characteristic, this is a 
crude control system. The inductance 
and capacitance in resonance are no 
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more likely to be stable than the in- 
ductance and capacitance of the oscil- 
lator tank circuit itself. However, this 
is the only method of afc that can be 
used in some ultrahigh-frequency sys- 
tems. Because the over-all accuracy is 
totally dependent on the center of the 
discriminator frequency characteris- 
tic, the discriminator must be more 
stable than the oscillator for accurate 
frequency control. 


A high-accuracy afe system should 
keep the center frequency of the mas- 
ter oscillator as stable as a crystal os- 
cillator. This can be accomplished by 
comparing the frequency of the ap- 
plied signal with the frequency of a 
crystal. The frequency difference be- 
tween the crystal and the master oscil- 
lator, as produced in a mixer, depends 
on the absolute values of both frequen- 
eies. Therefore, if the crystal oscilla- 
tor is assumed to be absolutely stable, 
the difference frequency depends only 
on that of the transmitter frequency. 
This difference frequency is applied to 
a discriminator operating at a much 
lower frequency than the oscillator 
and the transmitter. If the frequency 
at which the discriminator operates 
is made low enough, the result of a 
variation in its tuned circuits is only 
a few kilocycles. Therefore, if the 
crystal frequency, or any multiple of 
it, is mixed with the master-oscillator 
ouput to produce a low difference fre- 
quency, the low-frequency discrimina- 
tor tuned circuits will cause only a 
small error, whereas the over-all var- 
iation of difference frequency caused 
by drift in the oscillator will be much 
larger. The departure of the trans- 
mitter frequency from the difference 
frequency produced by the mixer de- 
termines the correction voltage. The 
output of the discriminator feeds the 
reactance modulator tube, which 
brings the master oscillator back to 
the center frequency. The over-all sta- 
bility is nearly that of the crystal oscil- 
lator itself, differing only by the de- 
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parture of the discriminator itself 
from the low-center frequency. This 
is a departure of approximately a few 
hundred cycles per second. 


The frequency of the master oscillator 
shifts with the applied audio signal, 
but the discriminator is so constructed 
that it responds only to changes in fre- 
quency that are much slower than the 
audio variations. The voltage at the 
output of the discriminator varies at 
a rate equal to the rate of change of 
frequency of the master oscillator— 
that is, at the audio rate. It also varies 
at a much slower rate because of oscil- 
lator drift. By placing a low-pass filter 
after the discriminator, only the slow 
drift variations can reach the react- 
ance tube. This filter cuts off all volt- 
age changes with a rate that is equal 
to or higher than the audio frequencies 
used. 


d. Phase Discriminator. 
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Figure 87. Basie phase discriminator. 
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gram of another type of discriminator 
circuit used in afc circuits. This is 
known as the phase discriminator. The 
voltage output of the discriminator de- 
pends on the phase relations in the cir- 
cuit. Transformer T1 couples the in- 
put from the crystal oscillator to the 
diode plates producing equal and oppo- 
site voltage #2 and £3 on these plates. 
The phase relationship of these two 
voltages is shown in A of figure 88. 
The crystal oscillator and transmitter 
frequencies are reduced so that these 
voltages are generally of a frequency 
just above the audio range. Since the 
input to Tl is crystal-controlled, it can 
be considered as stable. Therefore, 
the frequency and relative phase of £2 
and £3 never change. The input from 
the master oscillator of the transmit- 
ter is injected into the primary of T2. 
This produces a voltage, #1, across its 
secondary, which is exactly 90° out of 
phase with #2 and #3 when the fre- 
quency of the input from the crystal is 
the same as the frequency from the 
master oscillator. The upper diode re- 
ceives a voltage equal to the sum of #1 
and E2; the lower diode receives 
voltage equal to the sum of #1 and E38. 
The diodes rectify the signals and d-e 
voltages appear across the load resis- 
tors. When the signal voltages are 
equal, the output voltages across the 
resistors are equal, and the total volt- 
age across both resistors in respect to 
ground is canceled out. 
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Figure 88. Vector relations in phase discriminator. 
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If the frequency of the master oscilla- 
tor increases, the vector relationships 
change as shown in B. The increased 
frequency is equivalent to a phase shift 
of £1 in respect to E2 and #38. The 
resultant vectors, E1 plus #3 and E1 
plus #2, therefore change in length, 
as shown, and the ratio of the voltage 
across the diodes changes. The volt- 
ages across the load resistors (fig. 87) 
are now unequal and a voltage that 
can be fed back into the modulator to 
correct the drift of the master oscil- 
lator is produced at point A. 


Similarly, if the frequency of the mas- 
ter oscillator decreases, the phase of 
El changes, as shown in C of figure 
88 and a voltage of the opposite polar- 
ity is produced across the diodes. The 
voltage across the lower diode is now 
less; therefore, a less positive voltage 
is produced at point A (fig. 87). The 
result is a change in the polarity of the 
over-all voltage to that produced when 
the frequency of the master oscillator 
shifts upward in frequency. The cor- 
rection voltage applied to the proper 
circuits tends to return the system to 
a condition where E1 is 90° out of 
phase in respect to E2 and £3. Conse- 
quently, the frequency of the master 
oscillator is dependent on that of the 
erystal oscillator. Since the discrim- 
inator depends only on phase relation- 
ships and not on the absolute fre- 
quency of the secondaries of the trans- 
formers, the tuning of the discrimina- 
tor has less effect on the stability of 
the system. However, divider circuits 
are needed to reduce the transmitter 
and crystal oscillator frequencies and 
they are considerably more complex 
than the simple mixer system. 


ce. Modified Phase Discriminator. 
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The complex divider circuits necessary 
have led to a modification in the basic 
phase discriminator. Essentially, this 
modification consists in obtaining the 
voltage that corresponds to that pro- 
duced by T2 in figure 87 from the same 
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circuit to which the split secondary of 
T1 is connected. This modification is 
shown in figure 89. A tuned circuit is 
used for the split transformer, the sig- 
nal voltages across the two halves of 
the secondary are still #2 and E3, and 
the diode load circuits and their oper- 
ation are the same as before. The volt- 
age present across the primary wind- 
ing is also present across L and the 
voltage, #1, is obtained from across 
this inductor. Therefore, the second- 
ary system receives its voltages in two 
ways—by inductive coupling, and 
through coupling capacitor C. The 
voltage is the same as the voltage, #1, 
across the primary and is 180° out of 
phase with the total voltage, 72 plus 
E83, induced across the secondary cir- 
cuit. The voltage drops across each 
half of the split secondary are, in turn, 
90° out of phase with the applied volt- 
age. However, they are 180° out of 
phase with each other, since the cir- 
cuit is a tapped transformer, and 
therefore, the voltages F'2 and £3 are 
developed 90° out of phase with the 
primary voltage. 


When the frequency of the carrier de- 
parts from the center of the tuned-cir- 
cuit resonance curve, the phase rela- 
tionships across the tuned circuit 
change, and the over-all d-c output 
changes. Consequently, the d-c output 
of the discriminator varies with the 
applied frequency. However, opera- 
tion is dependent on the resonant fre- 
quency of the discriminator secondary, 
although this discriminator is much 
easier to tune and adjust than the 
double-tuned discriminator, because 
only one resonant circuit is used. 


f. Pulse Discriminator. 


Another type of discriminator that 
can be used in afc systems—the pulse 
discriminator — uses pulses rather 
than continuous sine-wave signals. The 
pulse discriminator distinguishes be- 
tween two pulse signals of different 
repetition rates, and produces a volt- 
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Figure 89. Modified phase discriminator. 


age pulse proportional to their differ- 
ence. It is necessary to convert the 
frequency of the master oscillator to 
a series of pulses with a repetition rate 
proportional to frequency. The repe- 
tition frequencies are compared in the 
pulse discriminator and an output is 
produced if the repetition rates differ. 
This output is converted to a d-c volt- 
age and applied to the modulator, 
thereby shifting the frequency and 
bringing the two repetition rates back 
into synchronism. 


The accuracy of the pulse system is 
much greater, in terms of timing, than 
that of a system using sine waves. A 
pulse begins at a precise instant, 
whereas a sine wave does not, because 
the rate of voltage change at the begin- 
ning of a pulse is much greater than 
the rate of voltage change at the begin- 
ning of a sine wave. A pulse discrim- 
inator responds to smaller changes in 
the repetition rate than an equivalent 
phase discriminator, which responds 
to changes in the frequency of the in- 
put signals. This system of stabiliza- 
tion has the advantage of requiring no 
frequency-divider circuits. Moreover, 
no tuned circuits of any kind are used 
in the actual stabilization loop. This 
means that there need be no tuning or 
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operating adjustment of the stabiliza- 
tion circuits. 


The over-all block diagram of the sta- 
bilization circuit is shown in figure 90. 
Some of the f-m signal from one of the 
multiplier stages in the transmitter is 
tapped off and fed into a buffer ampli- 
fier. This amplifier applies the signal 
to the input grids of two mixer tubes. 
A crystal oscillator, operating at the 
same frequency as the input signal, is 
applied also to the mixer grids. How- 
ever, the signal from the oscillator is 
passed through two R-C networks, 
each of which shifts the phase by 45°. 
To accomplish this, the value of the 
resistance in each R-C network is 
made equal to the reactance of the ca- 
pacitor at the crystal frequency. The 
upper network shifts the phase for- 
ward by 45° and the lower retards it 
by the same amount. Therefore, the 
dual output of the networks differs in 
phase by 90°. 


The mixer plate circuits select the fre- 
quency which is the difference between 
the signal from the buffer amplifier 
and the signal from the oscillator. 
When no modulation is applied to the 
transmitter and the frequency of the 
master oscillator is stable, the fre- 
quency from the buffer oscillator and 
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Figure 90. Afc system using pulse control, 


that from the crystal oscillator are the 
same, and there is no output from the 
mixer because the difference frequency 
between the applied signals is zero and 
and the mixer is set to accept only the 
difference frequency. When the differ- 
ence frequency is present, it is always 
very small compared to the frequency 
of either of the applied signals. 


When modulation is applied, the fre- 
quency of the master oscillator in- 
creases or decreases. Therefore, the 
input signal to the grids of the mixers 
will increase or decrease by a like 
amount. This signal mixes with that 
from the crystal oscillator and the dif- 
ference frequency is equal to the in- 
stantaneous deviation of the mixer. 
When the modulated oscillator is on 
frequency, the upper and lower halves 
of each cycle of difference frequency 
contain the same average amount of 
area over a period of time. If the oscil- 
lator drifts upward, the output of the 
mixers is a wave in which average 
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power in the upper half of the wave 
is larger than in the lower half. The 
control circuit is used to keep the aver- 
age power in the upper and lower 
halves of the cycle equal by applying a 
suitable correction voltage to the mas- 
ter oscillator. 


Because of the phase-shifting net- 
works, the output from the first mixer 
lags that of the second mixer by 90° 
when the frequency of the master os- 
cillator is higher than that of the crys- 
tal. When the frequency of the oscilla- 
tor is lower than that of the crystal, 
the output from the first mixer leads 
that of the second. At all times, the 
output of both mixers is 90° out of 
phase because of the constant differ- 
ence in phase at the output of the crys- 
tal phase-shifting networks. During 
1 cycle of modulation, the frequency of 
the oscillator first increases and then 
decreases. Therefore, the output of the 
mixers varies from minus 90° to plus 
90°. This happens on each half-cycle. 
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That is, the phase lags on the high 
half-cycle of modulation and leads on 
the low half-cycle (fig. 91); f, is the 
frequency of the oscillator and f, is the 
center frequency. 
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Figure 91. Phase relations in balanced modulators used 
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in pulse control systems. 


The output from each mixer is passed 
through a separate amplifier. One am- 
plifier is biased so that a few volts of 
negative signal drive it completely into 
cut-off. Therefore, the plate voltage 
inereases to the value of the supply 
voltage and stays that way until the 
voltage on the grid allows the tube to 
conduct. When the grid swings posi- 
tive, it draws current, and drives the 
tube to saturation. The plate current 
cannot increase and the plate voltage 
stays constant until the voltage on the 
grid goes negative. The result is the 
production of a square wave. The out- 
put from the other amplifier is used 
to trigger a multivibrator circuit that 
also develops a square wave output. 
This circuit acts as a switch and turns 
the d-c supply voltage off and on in 
response to the input signal. Each 
positive half-cycle develops a corre- 
sponding pulse in the output. 


The multivibrator circuit produces 
two square waves that are 180° out of 
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phase with each other. The out-of- 
phase square waves are _ passed 
through R-C differentiating networks, 
as shown in figure 92. These differen- 
tiating networks are chosen so that the 
capacitance is small compared to the 
resistance. Therefore, the reactance 
of the capacitor is large at low fre- 
quencies and only high frequencies are 
passed. The square wave can be con- 
sidered as composed of a number of 
sine waves of various frequencies and 
phase relationships. The highest of 
these occur at the leading and trailing 
edges of the wave. Therefore, the R-C 
networks produce pulses that are 
sharp and narrow. 


The pulses produced by the leading 
and trailing edges of the square waves 
are applied to the plates of a dual-diode 
pulse discriminator. The square waves 
from the first mixer and amplifier are 
applied to the junction of the two re- 
sistors. The cathode is biased negative 
to an amount equal to the peak value 
of the out-of-phase square waves. 
Therefore, neither the out-of-phase 
pulses nor the clipped signal from the 
first mixer can make the diodes draw 
current. However, when they are both 
present at once and in phase they are 
effectively in series at the diode plates. 


In figure 92, diode D1 is conducting 
because the voltages are adding in the 
wrong direction on D2. The output 
signal from D1 of the pulse discrim- 
inator is in the form of short positive 
pulses. Because of the bias in the out- 
put, only signal amplitudes larger than 
the bias can appear. Therefore, the 
actual output is not the square wave 
plus pulses, but the pulses alone. The 
discriminator produces positive pulses 
from D1 when the frequency of the 
master oscillator is above that of the 
crystal oscillator and negative pulses 
from D2 when it is below. The repe- 
tition rate of the pulses depends on the 
amount by which the two oscillators 
differ in frequency. 
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Figure 92. Pulse discriminator. 


(11) The pulses are made uniform in ampli- 
tude by passing them through an am- 
plifier and a pulse limiter, as shown in 
figure 90. They then are applied to a 
capacitor in the pulse integrator and 
each pulse charges the capacitor a 
small amount. When the frequency of 
the master oscillator swings high on 
modulation, more positive pulses are 
produced, and the capacitor charges 
to a positive voltage. On the down- 
ward swing of the carrier the reverse 
is true, and the capacitor charges neg- 
atively. If the upper and lower swings 
are equal about the constant value of 
the crystal oscillator, the net charge 
across the capacitor is zero. However, 
when the oscillator drifts higher or 
lower, there is an increase in the num- 
ber of negative or positive pulses. This 
alters the net charge on the capacitor 
and is equivalent to a changing voltage 
across it. This changing voltage is ap- 
plied to the grid of the modulator tube 
to correct any drift in the oscillator 
itself. 


(12) This system needs no tuned circuits, 


and stabilizes on alternate halves of 
the modulation swing. The response 
time of the system to changes in center 
frequency can be as low as the period 
of 1 cycle at the lowest audio fre- 
quency. Long-time variations also are 
compensated for, since these depend 
only on the number of pulses and not 
on changes in supply voltage or tubes. 
The over-all circuit can be used only in 
large fixed transmitters where the 
number of component parts is not a 
problem. 


44, Motor Control Systems 


a. Description. The motor control system 
uses a two-phase motor attached to a variable 
capacitor and connected across the master oscil- 
lator tank. The frequency-control circuit derives 
two voltages 90° out of phase to turn the motor 
if the frequency of the master oscillator does not 
coincide with the frequency of the crystal oscil- 
lator. 


b. Circuit. The frequency-control section of 
a motor-control system consists of three main 
parts—the crystal oscillator, the frequency di- 
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vider, and the motor-control section. Some of 
the signal from the master oscillator is tapped 
off and fed to a chain of frequency dividers as 
shown in the block diagram of figure 98. The 
low-frequency divided signal is fed to two bal- 
anced-modulator circuits. The output of the 
crystal oscillator section is divided, so that the 
frequency is the same as that of the divided sig- 
nal from the master oscillator. It then is split 
up, shifted in phase by 45° in each half, and 
applied to the balanced modulators. The output 
of the balanced modulators is fed to a four- 
winding two-phase motor. When the phase in 
all windings is the same, there is no rotation 
of the motor. If the master oscillator drifts, 
the phase in two of the windings differs from 
that in the other pair, and the motor rotates 
to correct the unbalance. 


c. Balanced Modulator Motor Control Sys- 
tem. The output of the crystal-oscillator divider 
system is split up by a phase-shifting network 
and applied to the grids of a balanced modula- 
tor. The input from the master-oscillator di- 
vider system also is applied to the modulator 
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grids. When the two frequencies are equal, no 
output appears in the plate circuits of the mod- 
ulator, but any difference between the frequen- 
cies of the input signals will cause an output to 
appear. This output is an a-c voltage with a 
frequency equal to the difference in frequency 
between the two input signals. Each balanced 
modulator output is connected to two windings 
of a four-winding, two-phase motor. When the 
frequencies of the crystal oscillator and the 
master oscillator in the modulators coincide, the 
difference frequency in the output is zero, and 
no voltage is applied to the motor. When a dif- 
ference frequency is present, the output of one 
balanced modulator is 90° out of phase with 
the other. This 90° out-of-phase pair of volt- 
ages applied to the motor windings causes a 
rotating magnetic field to be set up. Therefore, 
the armature of the motor turns with speed of 
rotation equal to the speed of rotation of the 
magnetic field. This, is turn, depends on the 
frequency of the difference of the signals ap- 
plied to the modulators. The motor, in turning, 
moves the capacitor connected across the oscil- 
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Figure 93. A motor-control afc system. 
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lator tank, so that the frequency of the master 
oscillator also changes. As the frequency 
changes, the difference between the master os- 
cillator and the crystal frequency becomes less 
and less and the motor runs more slowly until 
it stops when the two frequencies coincide. 
Therefore, a small displacement of the oscillator 
frequency causes the motor to turn a very small 
amount and correct the drift. 


45. Frequency-Divider Circuits 


a. General. Frequency-divider circuits re- 
duce the frequency of a signal by an integral 
multiple of the fundamental and also can divide 
and multiply by fractional quantities. They also 
reduce any deviation that is present on the sig- 
nal because of modulation. There are two gen- 
eral types of frequency dividers, those that pro- 
duce an output whether an input signal is pres- 
ent or not, and those which produce output only 
when the input signal is applied. The free-run- 
ning dividers are all some variety of oscillator 
synchronized with a higher frequency. The 
other type of divider depends on the properties 
of special circuits and not only can produce 
division and multiplication, but also can divide 
and multiply by fractional quantities. 


b. Multivibrator. 


(1) One of the simplest oscillators that 
can be used as a frequency divider is 
the synchronized multivibrator. There 
are many varieties of multivibrator 
circuits, but essentially they are all 
modifications of a two-stage resist- 
ance-coupled amplifier circuit with the 
output fed back to the input circuit. 
When the grid voltage of a vacuum 
tube is made more positive the plate 
voltage decreases. This decrease in 
plate voltage is coupled into the grid 
of one tube, causing a decrease in grid 
voltage. This results in an increase in 
plate voltage, which is applied to the 
grid of a second tube, and the cycle 
reverses. The circuit is shown in fig- 
ure 94. The variations possible con- 
sist in using direct coupling, cathode 
coupling, or mixed types of coupling 
between the two tubes. 
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Figure 94. Simple multivibrator circuit. 


(2) 


(3) 


A small amount of voltage applied to 
the grid circuit can be used to trigger 
oscillation. Any voltage that is an in- 
tegral multiple of the natura] fre- 
quency of the oscillator provides this 
triggering action. The frequency can 
be much higher than the actual fre- 
quency of operation of the oscillator. 
The output from one multivibrator 
controlled in this manner can be ten 
times less in frequency than the con- 
trolling voltage. The output of this 
multivibrator can be connected to 
another multivibrator that also di- 
vides by a like amount, providing di- 
vision by one hundred. In this way, 
the high frequency of the crystal oscil- 
lator and the master oscillator in an 
f-m system can be reduced to a fre- 
quency in the audio range. This can 
be applied to the phase or pulse dis- 
criminators for frequency control, as 
described previously. 


If the synchronizing voltage is not ap- 
plied to the multivibrator, the oscilla- 
tions do not stop, but run freely; 
hence, the name, free running. This 
is a distinct disadvantage in a divider 
circuit because if synchronism is lost, 
frequency control also is lost. For this 
reason a modification of the multivi- 
brator known as the one-shot multi- 
vibrator or trigger circuit often is 
used (fig. 95). The circuit is essenti- 
ally the same as the multivibrator, but 
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TRIGGER 
INPUT 


capacitors C1 and C2 of figure 94 are 
replaced by resistors R5 and R6. It 
sometimes is called a direct-coupled 
multivibrator. A small change in grid 
voltage of V1 increases the plate cur- 
rent. This increases the voltage drop 
across R1 and makes the grid of V1, 
more negative, decreasing the plate 
current through R2. As the grid of 
V1 becomes more positive, there is an 
abrupt increase of the plate current of 
the first tube and the plate current of 
V1, is cut off. Another pulse applied 
to the grid of tube 2 upsets this con- 
dition and causes another reversal, 
with maximum current in V1,. There- 
fore, this circuit depends entirely on 
the input pulse, and does not operate 
(there is no output) when no pulse is 
present. 
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Figure 95. Trigger circuit. 


(4) If several of the circuits described 
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above are connected in sequence, the 
application of a pulse to the input of 
the first tube which was not previously 
conducting, conducts, and vice versa. 
The next stage is made to trigger only 
on the output of one conducting tube, 
and, since its plate voltage is low 
when conducting, the second stage 
does not trigger on the first pulse. A 
second pulse, applied to the first tube, 
triggers the second tube and causes it 


to conduct. A third pulse triggers the 
next tube in line and so on. If ten 
tubes are used, the tenth tube triggers 
on the tenth pulse. If this tube con- 
nects to a similar group of circuits, 
the last tube in the second line will 
trigger on every hundredth input 
pulse. This provides an accurate fre- 
quency divider that can be extended 
to very high orders of division. It has 
the advantage that there is no output 
unless an input signal pulse is present. 
On the other hand, a very large num- 
ber of tubes becomes necessary if high 
division is needed. 


c. Synchronized Oscillator. A vacuum-tube 
oscillator tends to synchronize with an injected 
voltage of about the same frequency. Also, if 
the frequency of the oscillator and the injected 
voltage are in approximate harmonic relation- 
ship, the oscillator synchronizes with the har- 
monic. For example, if a signal of 1 mc is in- 
jected into an oscillator operating at about 99 
ke, the oscillator begins to oscillate at 100 ke, 
which gives a frequency division of ten. As the 
frequency stability of the oscillator is reduced, 
synchronization can be obtained over a wider 
and wider range. Synchronization can be im- 
proved if afc is applied to the oscillator. This 
is accomplished by applying the output of the 
oscillator and the voltage to be divided to a 
phase discriminator. The rectified output of 
the discriminator actuates a reactance modula- 
tor, which in turn changes the frequency of the 
oscillator. If a harmonic generator is inserted 
between the oscillator and the detector, the os- 
cillator can be held in synchronism with its own 
harmonic, and therefore can act as an accurate 
divider. However, the circuit continues to func- 
tion even with no synchronizing signal present. 
The oscillator therefore is free-running (fig. 
96). 


d. Regenerative Modulator. When two dif- 
ferent frequencies are applied to a mixer 
circuit, the output contains all possible sum 
and difference frequencies and their har- 
monics. If one of the multiples of the difference 
is selected, amplified, and inserted back into the 
mixer circuit, it reinforces the output at that 
frequency. This is known as regenerative mod- 
ulation (fig. 97). This device uses an ordinary 
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Figure 96. Synchronized-oscillator frequency divider. 
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mixer tube and a suitable selective amplifier. 
For example, the input to the mixer grid pro- 
duces a distorted wave, which contains the 
tenth submultiple. The output is taken from the 
amplifier and fed back into the mixer, where 
it increases the amplitude of that submultiple 
and tends to suppress the others. The result 
is a divider that cannot operate unless an input 
signal is present. Fractional division can be 
obtained if the diagram of figure 98 is used. 
Here, the output of the amplifier is fed into 


Section III. 


46. Indirect F-M Transmitter 


a. The preceding sections of this chapter 
have discussed the operation of various circuits 
used in f-m transmitters. An over-all circuit 
diagram of these circuits combined in an actual 
piece of equipment would be large and compli- 
cated, especially if the transmitter has a large 
number of stages. An over-all schematic for a 
typical f-m transmitter, using indirect methods 
for producing the production modulation, is 
shown in figure 99. Although many things are 
shown at the same time, it is easy to follow the 
entire plan if the individual circuits that com- 
pose it are understood. For greater clarity, the 
power-supply wiring as well as the control cir- 
cuits has been eliminated from this diagram. 
Normally, when printing the complete sche- 
matic, filament wiring, connections for plate 
voltage, and control circuits are all shown. 


b. The indirect f-m transmitter has a Pierce 
erystal oscillator, V1, which is similar to the 
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an odd-harmonic generator, and an odd frac- 
tional value of the input signal is reinforced. 
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Figure 97. Regenerative-modulator frequency divider. 
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COMPLETE TRANSMITTERS 


ultraudion oscillator. The crystal acts as a 
tuned parallel resonant circuit connected be- 
tween the grid and the plate through a block- 
ing capacitor, C28. Grid-leak bias is provided 
by the combination of resistor R1 and capacitor 
C1. Plate voltage is supplied through R2, and 
the output voltage of the oscillator is developed 
across it. The coupling capacitor, C2, couples 
the output voltage to the grid of the following 
stage. 


ec. The Link phase modulator is used in this 
stage, and the voltage drive for V2 is developed 
across grid resistor R3. Audio voltage is intro- 
duced through the correction network, &6 and 
C3, which produces the necessary frequency re- 
sponse required for the generation of true f-m. 
The high cathode bias that is used with this 
modulator is provided by 4, its value being 
great enough to operate the tube in a region of 
low transconductance. The frequency-modulat- 
ed output is developed at the plate of V2. 
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d. The resistance-coupled a-f voltage ampli- 
fiers of the unit are formed by the circuits of 
V3 and V4. Included in the amplifier are a pre- 
emphasis circuit, a gain control, and decoupling 
circuits. The voltage developed by the micro- 
phone is isolated from the grid of the first audio 
tube, V4, by the microphone input transformer. 
At the same time this transformer provides a 
certain amount of voltage gain. Resistor R22 
serves to stabilize the impedance of the second- 
ary, so that the pre-emphasis network formed 
by R21 and L8 can function properly. Screen 
voltage and bypassing are provided by R19 and 
C27 respectively, and R20 is the conventional 
plate load resistor. Capacitor C24 in conjunc- 
tion with resistor R15 acts as a decoupling net- 
work, to prevent feedback from the following 
stages from returning to the grid of V4 through 
the common power supply impedance. The same 
function is performed by R14 and C23 for the 
following stage. In this stage, R17 and C25 are 
the conventional cathode bypass and bias cir- 
cuit, and 216 serves as the plate load resistance. 
Control of the voltage, fed from V3 through cou- 
pling capacitor C26 to the modulator, is achieved 
by variable resistor R18 in the grid circuit of 
V3. The output of the amplifier stages is sup- 
plied to the audio correction network, R6 and 
C3, through coupling capacitor C4. 


e. From the modulator stage, V2, the fre- 
quency-modulated signal passes through capac- 
itor C5 and builds up a voltage across R7 in the 
grid return of V5. This stage is a class A buffer 
amplifier that isolates the modulator and associ- 
ated circuits from the frequency multiplier cir- 
cuits which follow. It uses cathode bias provided 
by resistor R8 with bypass capacitor C6. The 
output voltage is developed across the tuned 
plate circuit formed by L1 and the distributed 
capacitance. Screen voltage is applied through 
R9, with C7 and C8 operating as conventional 
r-f bypass capacitors. The voltage developed 
across £1 is still at the crystal frequency, but 
has been increased considerably in amplitude. 


f. The voltage across L1 is coupled to the grid 
of the first frequency multiplier, V6, through 
C9, and is rectified between the grid and cath- 
ode, since its positive swings are sufficient to 
draw grid current. This develops bias across 
R10, causing the stage to operate in class C. 
The desired harmonic is selected by the tuned 
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plate circuit formed by C11 and L2, in which 
C10 serves as an r-f bypass capacitor. This 
higher frequency is coupled to another fre- 
quency multiplier, V7, identical in operation 
with V6. The components of the stage perform 
functions equivalent to those of the preceding 
stage. The tuned plate output circuit of the 
second multiplier, V7, is tuned to the operating 
frequency desired. 


g. Drive from tuned circuit L3 and C13 is 
transformer-coupled to the cathode circuit of 
V8, L4, and C15. This stage supplies excitation 
for the power amplifier. Both the driver and 
the power amplifier are grounded-grid stages, 
as necessitated by the high operating frequency. 
Bias for the grounded grid is achieved through 
combination R12 and C16 in V8, and R13 and 
C20 in V9. Since sufficient voltage is applied to 
the cathode to make it negative in respect to 
the grid, current flows in the grid circuit and 
builds up bias across the resistor. The capacitor 
acts as a bypass, and effectively grounds the 
grid for r-f. 


h. The plate output circuit of the driver stage 
formed by Z5 and C17 is coupled to the power- 
amplifier cathode circuit, L6 and C19. Output 
from the entire transmitter is applied to a trans- 
mission line by the pi-network impedance- 
matching circuit formed by C21, L7, and C22. 
This circuit permits matching a wide range of 
transmission lines by adjustment of the vari- 
able capacitors. Plate voltage is fed on the low- 
impedance side of the circuit through an r-f 
choke, RFC, and is prevented from reaching the 
antenna by blocking capacitor C29. 


47. Direct F-M Transmitter Circuit 


a. The circuit for a direct f-m transmitter 
generally will be more complicated than most 
of the indirect types when it incorporates auto- 
matic frequency control. If no afc is used, con- 
siderable simplification in the number of stages 
can be obtained at the expense of reduced fre- 
quency stability. Because most direct f-m sys- 
tems are capable of a higher deviation of the 
fundamental oscillator frequency than are in- 
direct units, less frequency multiplication is 
needed to attain the desired operating fre- 
quency and deviation. A representative direct 
f-m transmitter with automatic frequency con- 
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tro] is shown in the complete schematic of fig- 
ure 100. Although the diagram looks extremely 
complex at first glance, it can be understood 
easily if it is analyzed stage by stage. The pow- 
er supply and control] circuits have been elimi- 
nated for clarity. 


b. The circuit of tube V1 is a basic Colpitts 
oscillator. The frequency contro! network com- 
prising V3 and V4, along with reactance modu- 
lator V2, serves to keep it in synchronism with 
crystal oscillator V5. Audio voltage is amplified 
by V13 and applied to the reactance modulator 
to produce the necessary deviation. The re- 
maining stages in the transmitter are buffer 
amplifiers, frequency multipliers, and the final 
output stage. 


c. The tank circuit of oscillator V1 is formed 
by L1 and the split-feedback capacitors, Cl and 
C2. R1 and C3 are a conventional grid-leak bias 
combination. An r-f choke is used in the cath- 
ode so that d-c plate current can flow from plate 
to cathode, and r-f currents are diverted to the 
feedback circuit. A conventional plate tank cir- 
cuit, C6 and L2, along with bypass C5, is used. 
This tank circuit is tuned to a harmonic of the 
oscillator frequency to obtain increased isolation 
of the frequency-determining components from 
the output of the oscillator. In addition, a stage 
of frequency multiplication is saved. Screen 
voltage is fed to the oscillator tube through the 
voltage divider formed by R2 and R37. When 
the screen voltage is adjusted properly, the os- 
cillator frequency is practically independent of 
changes in plate voltage. 


d. Output from the oscillator is coupled 
through C7 to the grid of buffer amplifier V6, 
which operates class A as determined by the bias 
built up across R4 in the cathode circuit. Ca- 
pacitor C8 acts as a bypass for r-f and #3 serves 
as a d-c grid return. It does not affect the bias 
because the output of the oscillator is adjusted 
so that negligible grid current is drawn. The 
screen voltage is supplied from the main plate 
supply through R5. The screen itself is ground- 
ed for r-f by C9, and the bottom of the plate 
tank circuit, L3 and C58, is bypassed by C10. 
The output of this stage is fed to V7 of the first 
frequency multiplier through Cll. Bias is de- 
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veloped by grid-cathode rectification of the am- 
plified signal across R6. The output of this mul- 
tiplier appears across the tuned circuit formed 
by C13 and 14, which is returned to ground for 
r-f by bypass C12. This output is fed in a sim- 
ilar manner to V8 of the second multiplier which 
in turn feeds V9 of the third multiplier. The 
output of the third multiplier appears across 
the tuned circuit formed by C18 and L6, which 
is bypassed to ground for r-f by C19. 


e. Examination of the frequency modulator 
discloses that V2 is the conventional injected- 
reactance type, with C35 and resistor R18 form- 
ing the phase-splitting network. Resistor R17 
is inserted in series with C35 to prevent the de- 
velopment of very-high-frequency oscillation, 
which can be caused by C35 in association with 
stray wiring inductance. This can act as a 
tuned circuit and permit the development of 
ultraudion oscillation at frequencies where the 
screen loses its effectiveness in reducing capaci- 
tance between grid and plate. C34 is a blocking 
capacitor that prevents d-c from appearing in 
the grid circuit. Isolation is increased by by- 
pass capacitor C36. The screen voltage and by- 
passing are supplied by R20 and C37. Operat- 
ing bias for the modulator is set by R19, and the 
cathode is grounded for r-f and audio by C38. 


f. Audio voltage is fed to the modulator grid 
through isolating resistor R16 and coupling 
capacitor C54 from audio amplifier V13. The 
audio-amplifier stage has a pre-emphasis cir- 
cuit in the grid formed by C57, R34, and £33. 
C57 is selected so that, in combination with R33, 
a voltage divider is formed which presents an 
increasing voltage with frequency caused by 
the decreasing reactance of C57 as the fre- 
quency is raised. To limit the attenuation of 
low frequencies R34 is included. Since it is in 
parallel with C57, the maximum impedance that 
can be developed is the resistance of R34 alone, 
when the frequency is so low that C57 has an 
extremely high impedance. R35 acts as a gain 
control and as a constant source impedance for 
the pre-emphasis network. 


g. The frequency-control circuit includes V3, 
V4, and V5. It compares the output voltage of 
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Figure 100. Direct f-m transmitter. 


one of the multiplier stages with a harmonic 
of the crystal oscillator in a mixer, V4. If any 
difference exists between the two, a voltage is 
developed in the phase discriminator, V3, which 
is applied to the grid of the frequency modulator 
through isolation resistor, R21. This compen- 
sates for the frequency difference. The mixer 
stage uses a pentagrid tube which permits ap- 
plication to separate grids of the two signals to 
be compared. The difference frequency is se- 
lected by the plate circuit. This usually is tuned 
so that the entire discriminator operates at a 
low frequency. The crystal oscillator, V5, is a 
special type which permits the selection of a 
harmonic of the actual crystal frequency by 
means of the tuned plate circuit formed by £13 
and C50. The harmonic of the crystal frequency 
is selected to give a difference between it and 
the harmonic of the master oscillator appear- 
ing at the grid of the driver tube, V10. R29 
acts as the grid-bias resistor for the oscillator, 
with the crystal itself acting as the grid-leak 
capacitor. Output is coupled to the mixer tube 
through C47 and R26, and the output from the 


frequency multiplier V9 is coupled through C48 
and R27. 


h. The output of the frequency multiplier 
stages feeds a tetrode driver stage whose plate 
circuit is tuned to the operating frequency. This 
tuned circuit, C23 and L7, is grounded in the 
center for r-f by capacitor C22 so that a 180° 
out-of-phase voltage is available for the grids of 
the final push-pull amplifier, V11 and V12. A 
small variable capacitor, C26, is included on the 
side of the tank opposite the plate of the driver. 
It compensates for the capacitance from plate to 
cathode that would tend to unbalance the driv- 
ing voltages to the grids of the power amplifier. 
Cathode bias is provided in the amplifier by R13 
and R14 as a safety measure in case excitation 
fails, but the main operating bias comes from 
grid rectification and resultant production of 
voltage across R11 and R12. The final tank cir- 
cuit, formed by C31, C32, L8, and L9, is coupled 
to a transmission line by the tuned link circuit. 
The screen-voltage supply for the final am- 
plifier is conventional and is similar to that used 
for the driver. 


Section IV. TYPICAL TRANSMITTERS 


48. Indirect F-M Transmitter 


A general description of a transmitter must 
include characteristics other than circuitry. 
These include the power input and output, the 
frequency and type of operation, the purpose of 
the equipment, and the distance over which the 
signal from the transmitter can be received. A 
description of these characteristics is given for 
the indirect f-m transmitter shown in figure 
101. This equipment is designed for fixed-sta- 
tion service over a range of approximately 20 
miles, with an output of 50 watts. A 110-volt, 
60-cycle power supply is required for the power 
input, and the equipment draws 325 watts from 
the line when transmitting. The complete unit 
contains 28 tubes including rectifiers, and has 
an audio response from 300 to 4,000 cycles, with 
a frequency range from 30 to 40 mc. The trans- 
mitter unit has been removed from the cabinet 
and is shown in figure 102. The crystal oscilla- 
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tor is phase-modulated through an audio cor- 
rection network. The resultant f-m signal is 
multiplied 32 times and produces a frequency 
deviation of +15 ke. This is accomplished by 2 
quadrupler stages and a doubler stage. The out- 
put of the doubler then is fed to push-pull power 
amplifiers, and approximately 50 watts of power 
is delivered to the antenna. The receiver (fig. 
101) shown in the rack below the transmitter 
is a double conversion superheterodyne. 


49. Direct F-M Transmitters 


a. A combination double-conversion super- 
heterodyne receiver and direct f-m transmitter 
is shown in figure 103. This set provides two- 
way phone communication with a similar port- 
able, ground, or mobile equipments over a range 
up to a mile. Power is supplied by either dry 
cells, or a vibrator power supply and vehicular 
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Figure 101. Indirect f-m transmitter used for fixed- 
station service. 


battery. The power supply must provide 90 
volts at 80 ma for the plates and screens of the 
tubes, and 6.3 volts at 520 ma when transmit- 
ting. The power output of the transmitter is 
500 mw (milliwatts). The frequency deviation 
is +20 ke when a 1,000-cycle signal input of .25 
volt is applied. The tuning of the transmitter is 
variable continuously from 47 to 58.4 mc. This 
band of frequencies provides 115 channels with 
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each ehannel having a bandwidth of 100 ke. 
Two preset detented channels are available. The 
receiver i-f components and the audio compo- 
nents of both the transmitter and receiver are 
mounted on the i-f chassis, as shown on the right 
side of figure 104. The view on the left of this 
figure shows both r-f and i-f components. 


b. The transmitting and receiving circuits 
are associated with each other through a com- 
mon antenna circuit, a common 32- to 42.3-me 
Colpitts oscillator circuit, and a common tuning 
control. The transmitter converts speech sig- 
nals from an external microphone, amplifier, 
telephone line, or other a-f source into f-m sig- 
nals. The microphone voltage is amplified by 
a microphone amplifier to the proper value for 
modulation. It then is applied to a reactance 
modulator which varies the frequency of the 
Colpitts oscillator in accordance with the audio 
signal. The frequency-modulated output of the 
Colpitts oscillator and a 15-mc signal produced 
by doubling the low-frequency output of a 7.5- 
ke crystal oscillator are combined in a mixer 
stage and the sum frequency of the transmitter 
mixer is selected by a tuned circuit. The signal 
then is fed through the driver and power am- 
plifier stages to the antenna. No antenna switch- 
ing is provided since the receiver is inoperative 
when the transmitter is energized and the trans- 
mitter is inoperative when the receiver is on. 


c. Another direct f-m transmitter receiver 
for portable, ground, or vehicular installation 
is shown in figure 105. The frequency range of 
this transmitter receiver is from 20 to 27.9 mc. 
The communication range is approximately 10 
miles for vehicles in motion and 15 miles for 
stationary vehicles. Power can be supplied by 
dry cells, vibrator power supplies, or a hand 
generator. The set contains two subchassis; the 
i-f chassis mounts the receiver components and 
the audio components for both transmitter and 
receiver; the r-f chassis contains the high-fre- 
quency parts of both transmitter and receiver. 
A low-frequency, self-excited, modified Hartley 
oscillator is modulated by a reactance tube to 
produce direct f-m. A crystal oscillator controls 
the frequency of both the transmitter and the 
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Figure 102. Indirect f-m transmitter removed from rack. 


receiver. The output of this oscillator is mixed 
with the f-m signal to produce the desired devia- 
tion of +20 ke. The output of the mixer then 
is fed through the driver and power amplifier 
stages to the antenna. 
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d. A direct f-m receiver transmitter unit de- 
signed for pack operation is shown in figure 106. 
This set has an average distance range of 5 
miles. The frequency range is from 27 to 38.9 
me. This band of frequencies provides 120 chan- 
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Figure 103. Direct f-m receiver-transmitter. 


nels 100 kc wide and the transmitter is preset 
to any two of these channels. Power can be sup- 
plied by dry cells or storage batteries and a dy- 
namotor. The power output of the transmitter is 
114 watts. The entire unit contains 19 tubes, 
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all of which are used when transmitting. The 
transmitter is a MOPA (master oscillator pow- 
er-amplifier) with the receiver crystal control- 
ling the frequency of transmission through a 
reactance tube. 
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Figure 104. Direct f-m transmitter-receiver subchassis. 
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Figure 106. Direct f-m transmitter for pack operation. 
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Section V. SUMMARY AND REVIEW QUESTIONS 


50. Summary 


a. The f-m signal taken from the modulator- 
oscillator stage must be increased in deviation 
and frequency by frequency-multiplier stages. 


b. Frequency multipliers operate through 
harmonic generation. Multiplications of two, 
three, four, and five times are obtainable with 
reasonable efficiency. 


c. Frequency multipliers are usually r-f am- 
plifiers with input and output circuits tuned to 
different frequencies harmonically related to 
each other. 


d. Push-push doublers are very efficient mul- 
tipliers which use two tubes with grids connect- 
ed in push-pull and plates in parallel. Operation 
is similar to a full-wave rectifier producing a 
ripple voltage of twice the line frequency. 


e. At high frequencies, the operation of fre- 
quency multipliers is impaired because of de- 
generative effects which tend to reduce their 
power output. These degenerative effects can 
be neutralized with appropriate circuits. 


f. Other methods of frequency multiplication 
are available which do not depend directly on 
harmonic generation, but these seldom are used. 


g. Frequency multipliers can be combined 
with the master oscillator circuit for compact- 
ness and reduction of power consumption. 


h. Power amplifiers for f-m have no connec- 
tion with the modulation process. They are used 
only to increase the power in the modulated 
wave. All f-m power amplifiers operate class C, 
which permits high efficiency and high power 
output. 


2%. The operation of a class C amplifier de- 
pends on the angle of plate current flow, which 
in turn depends on the grid bias and the ampli- 
tude of the grid-driving voltage. 


7. Various class C amplifier circuits have 
been devised with different means of introduc- 
ing the grid-driving voltage and coupling the 
output power to the load. 
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k. The necessity for neutralization is over- 
come at high frequencies through the use of 
tetrode amplifiers. 


l. Grounded-grid triode amplifiers overcome 
some of the disadvantages of tetrodes and con- 
ventional triodes at very-high frequencies. 


m. The input circuit for a power amplifier 
must provide adequate regulation of the driving 
voltage without causing excessive losses. Vari- 
ous input circuits have been devised by use of 
capacitive coupling or inductive coupling. 


n. Power-amplifier output-coupling circuits 
are of two forms, series-fed and shunt-fed. The 
output load circuit matches the final amplifier 
to the transmission line or the antenna. In ad- 
dition, it suppresses spurious frequencies. Vari- 
ous types of output circuits provide different 
degrees of suppression and ability to match 
loads of different impedance. 


o. Not all of the various input and output 
circuits available for class C power amplifiers 
can be used with each other because of the pos- 
sibility of spurious oscillations being generated 
in the circuits. 


». Spurious oscillation generated in a power 
amplifier at a frequency far from the actual tun- 
ing of the tank circuits is called parasitic oscil- 
lation. Parasitic oscillations are eliminated by 
the proper choice of circuit in both grid and 
plate, as well as by suppressor chokes, resistors, 
and capacitors. 


qg. In direct f-m transmitters, the center fre- 
quency must be stabilized by some form of auto- 
matic frequency control. 


ry. There are two major types of frequency- 
control arrangements. One uses a d-c correc- 
tion voltage for the modulator circuit, the other 
a mechanical arrangement. 


s. Afc systems include frequency changers, 
comparators, and corrector networks. 


t. The comparator is usually a discriminator 
circuit. The discriminator produces a d-c volt- 
age proportional to the difference between the 
frequency of the oscillator and some standard 
center frequency. 


u. The double-tuned discriminator uses two 
resonant circuits separated slightly in frequen- 
cy and coupled to the same source. The output 
is applied to rectifiers and the amplitude of the 
rectified voltage is proportionate to the change 
in frequency. 


v. The phase discriminator compares the 
phase of signals from the master oscillator and 
a crystal standard, producing a d-c output pro- 
portional to the difference. 


w. The pulse discriminator produces pulses 
whose polarity and number per second reflect 
the departure of the oscillator from the center 
frequency. These pulses are stored, and any 
change in stored charge is applied to the modu- 
lator tube as a correction voltage. 


zx. In a motor control system, two balanced 
modulators, receiving their signals from the 
crystal oscillator and master oscillator, pro- 
duce two outputs 90° out of phase if the signal 
frequencies do not coincide. The 90° out-of- 
phase voltages are applied to the windings of a 
two-phase motor. This motor turns a variable 
capacitor in the oscillator circuit, which serves 
to correct the frequency difference. 


y. Frequency dividers are of two types—free- 
running dividers which produce output whether 
input is present or not, and those which pro- 
duce an output only with an input signal. 


z. The multivibrator is a common free-run- 
ning divider. It is essentially a two-stage resist- 
ance-coupled amplifier with some of the output 
returned to the input. The essentially square 
waveform it produces can be synchronized with 
higher harmonics. 


aa. Trigger circuits are modifications of mul- 
tivibrator circuits which operate only in the 
presence of input pulses. Used in sequence, they 
operate as very accurate dividers. 


ab. The regenerative modulator consists of 
a nonlinear device and a frequency selective am- 
plifier. The amplifier is tuned to a subharmonic 
of the input frequency of the nonlinear mixer. 
The output of the amplifier is returned to the 
mixer, reinforcing the subharmonic. 


51. Questions 


a. What increases the deviation and carrier 
frequency in an f-m transmitter? 
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b. What feature of the operation of a class 
C amplifier permits the successful generation of 
output power at a harmonic frequency of the 
input? 


c. Cite two ways of obtaining a frequency 
multiplication of 32. 


d. How many times is the deviation of a basic 
f-m signal increased after passing through four 
doublers? 


é. If the input circuit of a quintupler is tuned 
to 10 mc, to what frequency is the output circuit 
tuned? 


f. Which type of multiplier chain produces 
greater output, one containing a doubler and a 
quadrupler or one containing three doublers? 


g. How are the grids and plates of a push- 
push doubler connected? 


h. What type of loading is produced by the 
capacitance between the grid and the plate cir- 
cuit of a high-frequency multiplier? 


1. What is the effect of a high-cathode in- 
ductance on the output capacitance of a high- 
frequency quadrupler? 


7. What is the advantage of using push-pull 
multipliers? 


k. What coupling exists between the input 
and the output circuit of a frequency multiplier 
which is combined with an oscillator? 


l. Why is it desirable to tune the output cir- 
cuit of a combined oscillator multiplier to a 
very much higher frequency than that of the 
grid circuit? 


m. What differences exist in the requirements 
for a class C power amplifier used for f-m as 
compared to one used for a-m? 


n. What is the principal disadvantage of the 
grounded-grid amplifier? 


o. Why are push-pull amplifiers useful at high 
frequencies? 


». What is significant about the input imped- 
ance of a grounded-grid push-pull amplifier? 


q. What are the major disadvantages of ca- 
pacitive coupling as compared to link coupling? 
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r. What is necessary in respect to the power 
transfer between driver and final amplifier? 


s. What are the functions of the power-am- 
plifier output coupling network? Which of these 
features is determined by the operating Q of the 
circuit? 


t. What are the relative advantages and dis- 
advantages of shunt feed? 


u. What is the function of a split-stator ca- 
pacitor in a single-ended neutralized triode pow- 
er amplifier? 


v. How does the type of feed affect the d-c 
voltage appearing across the tank capacitor? 


w. What is the major disadvantage of the 
pi-network as an output coupling circuit? 


zx. How can short antennas be coupled di- 
rectly to the final amplifier with good efficiency? 


y. What are the major operating indications 
that a final amplifier is oscillating parasitically ? 


z. How are parasitic oscillations suppressed? 


aa. Why are certain combinations of input 
and output circuits avoided? 


ab. What is the difference between a d-c con- 
trol system and a mechanical control system? 


ac. What are the relative disadvantages of a 
d-c control system? 


ad. Compare the response speeds of a motor- 
control and a d-c control system. Which is more 
suitable for long-time changes? 


ae. What is a receiver-transmitter frequency 
interlock system? 


af. What device is most frequently used to 
compare the frequencies of two waves? 
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ag. What is the major disadvantage of the 
double-tuned discriminator? 


ah. Why are discriminators used at a fre- 
quency that is low compared to the carrier fre- 
quency? 


ai. What is the advantage of the phase dis- 
criminator as compared to the double-tuned 
discriminator? 


aj. How does the modified phase discrimina- 
tor differ from the standard phase discrimina- 
tor? 


ak. What is the advantage of a pulse control 
system as compared to a simple discriminator 
d-e control system? 


al. What is the function of the modified 
balanced modulator in the pulse control system? 


am. What is the function of the limiter tube 
in the pulse system? 


an. Why is the trigger circuit used in con- 
junction with the pulse discriminator? 


ao. How is the output of the pulse discrimi- 
nator applied to the control of the master ocil- 
lator? 


ap. Why is the motor control system re- 
stricted to large fixed installations? 


ag. What are the three major parts of the 
motor control system? 


ar. What is the purpose of using frequency 
dividers? 


as. What is the difference between a free- 
running and a triggered divider? 


at. What is the major disadvantage of the 
synchronized oscillator as a frequency divider? 


au. How is fractional division obtained in a 
regenerative modulator? 
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CHAPTER 5 
F-M RECEIVERS 


Section I. 


52. General 


The operation and general circuitry of super- 
heterodyne receivers for f-m communication 
form the subject matter of this chapter. The 
circuits used in the various operating parts of 
the superheterodyne receiver are discussed and 
comparisons are made between a-m and f-m cir- 
cuits. 


53. Superheterodyne 


The separate stages required for the opera- 
tion of an f-m superheterodyne are shown in the 
block diagram of figure 107. The r-f signal volt- 
age coming from the antenna is amplified by the 
r-f amplifier stage and combined with the local 
oscillator voltage in the converter or mixer. 
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OSCILLATOR 


I-F 
AMPLIFIERS 





INTRODUCTION 


The new frequency produced by this combina- 
tion is the difference frequency or i-f (inter- 
mediate frequency) of the two signals, and is 
amplified by one or more i-f amplifiers. The 
greatly amplified i-f signal then is applied to an 
f-m detector which produces an audio-voltage 
output from the frequency variations of the i-f 
signal. This is applied to the audio amplifier, and 
the output of the amplifier is converted to the 
original sound by a loudspeaker or earphones. 


54. Receiver Rating 


a. Sensitivity and Selectivity. The sensitivity 
of a receiver is determined by the minimum 
signal voltage (in microvolts) at the input that 
is required to produce a specific output. The 








Figure 107. Block diagram of f-m receiver. 
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receiver producing the specified audio output 
with the smallest value of signal input is the 
most sensitive. The selectivity of a receiver is 
defined as the degree to which it is capable of 
discriminating against signals whose frequen- 
cies are other than that of the desired carrier. 
The selectivity for adjacent channels is deter- 
mined largely by the characteristics of the i-f 
amplifier. Discrimination against image car- 
riers depends on the circuit design of the r-f 
amplifier and the mixer, or converter. 


b. A-M Response. Noise originating in actual 
defects, such as poor contacts or faulty parts, 
as well as the noise produced in the tubes, limits 
the maximum sensitivity of the receiver. Every 
f-m receiver, no matter how perfect, has some 
undesirable response to a-m signals, and these 
variations must be removed by limiting devices. 
The degree to which the receiver discriminates 
against amplitude variations in the received 
signal caused by fading or noise is a measure 
of the merit of the receiver. 


55. Double Superheterodynes 


Most f-m equipment operates in the v-h-f 
band, and at these frequencies it is not always 
possible to obtain optimum performance with 
the standard superheterodyne circuit. When 
good adjacent-channel selectivity is necessary, 
a low i-f is desirable; this, however, lowers the 
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receiver rejection of image signals. Similarly, 
if good rejection of image frequencies is re- 
quired, a high i-f should be used, but this is not 
compatible with good adjacent-channel rejec- 
tion. These difficulties can be overcome by com- 
bining the advantages of high and low i-f 
amplification. The r-f signal is mixed with a 
local oscillator to produce a high i-f in the con- 
ventional manner. A _ second local oscillator 
voltage then mixes with the high i-f signal to 
produce a low i-f, as shown in figure 108. The 
double superheterodyne or double-conversion 
superheterodyne requires frequency conversion 
in two separate mixer or converter stages. To 
meet stringent military performance require- 
ments, double superheterodynes commonly are 
used. 


56. Auxiliary Circuits 


Apart from the operational circuits, there are 
auxiliary circuits that provide automatic fre- 
quency control. To prevent operator fatigue, 
circuits are incorporated which silence, or 
squelch the noise that appears in the output of 
the receiver when no carrier is present. The 
special audio requirements of carrier telephone 
equipment also must be analyzed, since an im- 
portant class of f-m equipment exists as a link 
between units using this type of telephone 
service. 





HIGH - LOW - 
R-F FREQUENCY SECOND FREQUENCY F~-M AUDIO ies 
AMPLIFIER I-F MIXER I-F DETECTOR AMPLIFIERS PHONES 
AMPLIFIERS AMPLIFIERS 
HIGH - LOW- 
FREQUENCY FREQUENCY 
OSCILLATOR OSCILLATOR 
TM 666-106 


Figure 108. Block diagram of double-conversion f-m receiver. 
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Section II. 


57. Basic Functions 


a. The basic functions of the r-f amplifier are 
to increase the signal-to-noise ratio, to provide 
adequate image-frequency rejection, and to sup- 
press local-oscillator radiations. These functions 
determine the design of the many different r-f 
circuits that have been developed, and each r-f 
amplifier exhibits varying degrees of perform- 
ance as regards these factors. Considerations 
of tuning range complexity and stability also 
influence the choice of a particular circuit. 

b. Since the r-f amplifier receives a signal at 
the lowest level of any stage in the receiver, any 
noise or other disturbance introduced in this 
stage has a proportionately greater effect. The 
performance of the receiver in respect to weak 
signals depends on the performance of the r-f 
amplifier, or the signal-to-noise ratio of its out- 
put. The r-f amplifier also must reject images 
and other unwanted frequencies that can reach 
the frequency converter and produce spurious 
responses. The efficiency of rejection depends 
largely on the design of the tuned circuits used. 
The local oscillator used in superheterodynes 
causes considerable interference if its signal is 
allowed to travel back to the antenna. There- 
fore, the r-f amplifier must be designed to block 
the signal from the local oscillator and prevent 
it from radiating. This is important when sev- 
eral receivers are operated close together on 
many different frequencies. 


58. Sources of Noise 


a. Fluctuation Noise. 


(1) In any conductor, the movement of the 
electrons which constitute the current 
flow through the conductor is erratic 
and random. This random motion of 
electrons in a conductor or in the elec- 
tron stream of a vacuum tube gives 
rise to small fluctuations in the voltage 
developed across the resistance of the 
conductor. The random variation of 
voltage is called fluctuation noise. 

(2) No definite waveform or frequency can 
be associated with the fluctuation 
noise. However, the average ampli- 
tudes at all frequencies (noise spec- 
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trum) usually can be specified. Since 
the noise is distributed uniformly in 
respect to frequency, the amount of 
average noise voltage depends on the 
bandwidth. The fluctuation noise pres- 
ent determines the minimum signal to 
which a receiver will respond. The 
signal voltage must be sufficiently 
large to prevent the noise voltage from 
overriding the modulation on the car- 
rier. 


b. Thermal Noise. 


(1) 


(2) 


The molecules of any physical sub- 
stance are always in violent motion, 
the average rate of this motion being 
perceived as temperature. Motion of 
the electrons caused by heat produces 
thermal noise across the terminals of 
any conductor containing resistance to 
the electron motion. From Ohm’s law, 
the greater the value of the resistance 
in ohms, the more voltage developed 
across the resistor. Therefore, as the 
motion of the electrons in the conduc- 
tor increases with temperature, the 
amplitude of the thermal noise in the 
output increases. The effect of the 
thermal noise, which is a type of fluc- 
tuation noise, depends on the band- 
width of the circuit which develops the 
noise. 

Figure 109 gives the amplitude of the 
average noise voltage usually encount- 
ered in the input circuits of f-m re- 
ceivers. The temperature is assumed 
to be normal room temperature, or 68° 
Fahrenheit. The bandwidth of the in- 
put circuit can be estimated from a 
graph of its response characteristic. 
For example, it is common for an f-m 
receiver to have a bandwidth of 200 kc 
and an input circuit resistance of 300 
ohms. As indicated in the chart, a 
noise voltage of about 1.2 microvolts 
results. This receiver cannot produce 
a useful output with incoming signals 
under 1.2 microvolts because of the 
threshold effect, and a higher value of 
input is needed. 
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Figure 109. Noise voltage for different bandwidths and impedances. 


c. Tube Noise. Fluctuation noise in vacuum 
tubes can be divided into three classes—shot 
noise, partition noise, and induced grid noise. 
Shot noise or shot effect occurs because the 
emission of electrons from the cathode is not 
uniform. Since the electrons leave the cathode 
at random instants of time and with random 
variations in velocity, their arrival at the plate 
is not uniform. Therefore, these variations in 
current flow represent a noise current and will 
produce a noise voltage when current flows 
through the load resistance. Partition noise is 
caused by the irregularities in the distribution 
of current in various positive electrodes in the 
tube. This noise is present only in pentodes, 
tetrodes, and other multigrid tubes. Variation 
in the number of electrons passing a control 
grid at high frequencies will induce large noise 
currents. This induced grid noise can be added 
to the plate current noise as though they were 
independent. The noise produced by a tube 
varies with changes in the potentials on its 
elements. A factor that strongly affects the 
amount of noise produced is the space charge 
in the tube. The noisiest condition is produced 
with temperature saturation; that is, when all 
of the available electrons are drawn to the plate 
and there is no space charge at all. It is the 
presence of space charge that makes amplifica- 
tion possible, and, fortunately, space charge 
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also reduces the noise caused by random fluctua- 
tion in the electron stream. 


d. Equivalent Noise Resistance. 


(1) To permit direct comparison of the 
noise performance of standard tubes, 
a factor has been worked out that is 
known as the equivalent noise resis- 
tance of the tube. The value is that 
of a resistor that will produce the same 
amount of thermal agitation noise as 
that produced by the tube from all 
causes. The following chart indicates 
the range of values of this resistance 
for particular tube types. 


Tubes Ohms 
Triodes 200 to 3,000 
Sharp cut-off pentodes 700 to 7,000 


Remote cut-off pentodes 
Hexodes and heptodes 


2,400 to 14,000 
190,000 to 300,000 





(2) The greater the number of positive 
grids, the greater the amount of noise 
produced by the tube, and the higher 
the equivalent noise resistance. The 
basic cause for this is the larger num- 
ber of current divisions with increased 
partition noise. The noise produced by 
this equivalent resistance must be 
added to that introduced in the input 
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circuit of the tube to evaluate the per- 
formance of the r-f amplifier at low 
signal levels. In the previous example, 
the input circuit noise was 1.2 micro- 
volts. Assume that this is applied to 
a pentode amplifier tube with an 
equivalent noise resistance of 3,000 
ohms. From figure 109, the noise volt- 
age corresponding to this resistance at 
the assumed bandwidth of 200 kc is 
3.2 wv (microvolts). This is added to 
the input noise for an over-all noise of 
4.4 BY. 


59. Noise and R-F Amplifiers 


a. General. Amplifiers do not discriminate 
between signal and noise within their band- 
width, but amplify them equally. For example, 
assume that the voltage amplification of the 
tube with its associated circuits in the previous 
example is 10 and that the tube delivers its out- 
put voltage into a similar amplifier. What will 
be the over-all noise performance of the system? 
With a noise voltage of 4.4 »v, a signal of 10 
zeV is applied at the input of the amplifier. Be- 
cause the noise is of random phase it will be 
sometimes in phase with the applied signal and 
sometimes out of phase with it. Therefore, the 
signal in the output of the amplifier will be a 
combination of signal and noise which varies 
from the amplified sum to the amplified differ- 
ence. The over-all output is the quadrature sum 
of the signal and the noise voltages, multiplied 
by the stage-amplification, or \/102 + 4.47 x 
10 = 10.7 x 10 = 107 nv. Since the second 
stage of amplification was assumed to be identi- 
cal with the first, it adds 3.2 »v of noise to the 
applied signal of 107 nv. The output of the 
second stage is 
(\/1072 + 3.22) (10) = (107.1) (10) = 1070 pv 
The contribution to the total noise output of the 
3.2 wv of noise added by the second stage is ob- 
viously very small. Therefore, the noise per- 
formance of the two stages together is essen- 
tially that of the first stage alone. If the second 
stage is the mixer in a superheterodyne circuit, 
it follows that the noise performance of the re- 
ceiver is determined almost entirely by the first 
r-f amplifier. In general, if the r-f gain exceeds 
5, the effect of the second stage is slight; if it 
exceeds 10, the effect is negligible. 
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b. Noise Figure. 


(1) 


(2) 


(1) 


The noise figure expresses the relative 
merit of a receiver in comparison with 
a so-called perfect receiver. The per- 
fect receiver is one which adds no noise 
to that produced by the antenna re- 
sistance and has a noise figure of 0 db. 
The quantity normally is expressed as 
a power ratio converted to decibels, 
and the smaller the noise figure, the 
better the receiver. Generally, the 
higher the frequency, the harder it is 
to obtain a good noise figure. Best 
attainable values range from 10 to 12 
db at centimeter wavelengths, 6 db in 
the upper portion of the v-h-f range, 
where most f-m equipment is used, and 
below 3 db for frequencies under 30 
me. A perfect receiver has a noise 
figure of 0 db. 


The noise figure does not depend on 
the bandwidth of the receiver under 
test. A receiver that has a bandwidth 
of 200 kc has no greater sensitivity 
than one with a bandwidth of 15 kc if 
it has the same noise figure. However, 
because of the greater amount of noise 
contained in a wider bandwidth, it is 
harder in practice to obtain as low a 
noise figure for a wide-band receiver. 


c. Tube Types and Noise Figures. 


The noise figure of an r-f amplifier is 
affected by many conflicting variables, 
and compromises must be reached. The 
tube is the ultimate factor which de- 
determines the minimum noise figure 
that can be achieved, the transconduc- 
tance and the input conductance being 
the principal factors in determining 
the noise figure. For good noise figure, 
it is desirable that the r-f amplifier 
have high gain so that the noise added 
by the following stages will be negli- 
gible. The higher the transconduc- 
tance, the more gain from the stage. 
The input conductance of a tube is de- 
fined as the equivalent impedance that 
is seen looking into the grid. Effec- 
tively, it is composed of a resistance 
and a capacitance in parallel, placed 
across the tuned input circuit, and it 
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decreases as the operating frequency 
increases. Doubling the frequency de- 
creases the input resistance by a factor 
of almost four; tripling it decreases 
the resistance by a factor of nine, and 
so on. 


It is common to use tuned transformers 
in the input circuits of r-f amplifiers 
to provide a voltage step-up from the 
low-impedance transmission line to the 
input impedance of the grid. Since the 
input impedance of the grid varies 
with frequency, the amount of voltage 
step-up that can be obtained decreases 
as the input conductance increases. 
Since no noise is generated in the input 
transformer, and the amount of noise 
generated by the tube is constant, the 
higher the input voltage applied to the 
tube, the lower the effect of tube noise, 
and the better the noise figure. It is 
desirable to use tubes that have a low 
input conductance. This permits a high 
voltage step-up in the input trans- 
former with consequent overriding of 
tube noise. The input conductance will 
vary as the square of the frequency 
and has been found to depend on the 
input capacitance, the transconduc- 
tance, and the inductance of the 
cathode load. For the lowest input 
conductance, all of these factors should 
be minimized. However, to obtain gain 
from the amplifier, there must be a 
reasonable amount of transeonduc- 
tance, and the choice of these values 
is necessarily a compromise. Since the 
noise produced within the tube is 
caused largely by irregularities in the 
electron stream, this stream must have 
great uniformity for low noise figures. 
The relative performance of various 
tube types in common use is listed in 
the table of equivalent noise resis- 
tances. Ratings in terms of input con- 
ductance generally are not available 
for all types. 


erating curve and do not draw grid current. 
The several possible connections for a tube used 
as an r-f amplifier depend on which element is 
common to ground. For the triode, the possibili- 
ties are grounded cathode, which is the conven- 
tional connection, grounded grid, and grounded 
plate (cathode follower). The pentode and tet- 
rode also follow these classifications, since the 
screens and other grids usually are at ground 
potential for radio frequencies. 


b. Input Circuit Operation. 


(1) The input circuit of most r-f ampli- 


(2) 


fiers consists of an r-f transformer 
with an untuned primary that is con- 
nected to the antenna. The secondary 
of this transformer is considered to be 
a tuned series-resonant circuit that is 
adjusted to resonate with the frequen- 
cy of the desired signal. Since the 
transmission line from the antenna is 
connected to the primary and gener- 
ally has a low impedance (50 to 600 
ohms), and the grid-to-cathode imped- 
ance of the tube is much higher, there 
is an impedance mismatch with serious 
loss of signal. The r-f transformer pro- 
vides the necessary impedance match 
between the antenna and the grid of 
the tube. Actually, there is a slight 
mismatch for optimum noise figure. 


The transmission line used to trans- 
fer the signal from the antenna to the 
primary of the r-f transformer may 
be either coaxial-line or parallel-wire 
transmission line. When the coaxial 
line is used, the outer conductor is at 
the same potential as the circuit 
ground and an unbalanced input is re- 
quired at the receiver. If parallel- 
wire transmission line is used, the 
voltages on each conductor are equal 
and opposite to each other and 90° 
out of phase with the ground poten- 
tial, and a balanced input is required 
at the receiver. Both input circuits 
provide a certain amount of discrim- 


ination against noise and other spuri- 
ous frequencies picked up on the 
transmission line. The outside of the 
coaxial line can act as an antenna and 


60. R-F Amplifier Circuits 


a. General. The r-f amplifiers of f-m receiv- 
ing sets operate in the class A region of the op- 
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receive signals on the shield conductor. 
However, this outer conductor is ef- 
fectively grounded at the input circuit 
and therefore produces no voltage 
across the grid-to-cathode circuit of 
the tube. Balanced input circuits sup- 
press noise picked up simultaneously 
on both conductors of the line. The 
noise voltage is in phase on both sides 
of the line. This means that the volt- 
age in respect to ground is 180° out 
of phase. The balanced input circuit 
responds only to currents that are 
out of phase on the line and 90° out 
of phase to ground; therefore, the 
noise voltage does not get to the grid 
of the tube. 


The output of the series-resonant cir- 
cuit of the secondary decreases for 
frequencies on either side of reso- 
nance. Therefore, the over-all re- 
sponse of the amplifier falls off as the 
frequency increases or decreases in re- 
spect to the operating frequency. This 
produces the _ characteristic _ bell- 
shaped response of voltage versus fre- 
quency that is referred to as the se- 
lectivity curve. The ability to reject 
signals that are far removed from the 
operating frequency depends largely 
on the sharpness of this curve. In 
general, the sharpness of resonance 
of a tuned circuit depends on the Q 
of the inductor and the extent to 
which the input conductance of the 
r-f amplifier tube loads the input cir- 
cuit. However, it usually is possible 
to manufacture for high-frequency 
work inductors whose Q is sufficiently 
great that the resistive component of 
the input conductance has a greater 
effect on the selectivity than does the 
resistive component of the coil im- 
pedance. 


Although it is possible to obtain the 
maximum amount of selectivity with 
a given tube, it often is necessary to 
compromise, since the receiver does 
not operate on a fixed frequency, but 
is tuned over a considerable range. 
This is accomplished by using a coil 
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with more than the optimum amount 
of inductance. The various tuned cir- 
cuits in the r-f mixer and oscillator 
stages must be correctly tuned for 
any operating frequency in the de- 
sired range. This means that the 
tuned circuits of the local oscillator 
and the r-f amplifier must track cor- 
rectly over the entire range. 


For receivers that cover a limited 
band of frequencies, it often is de- 
sirable to avoid the complications of 
tracked circuits. This can be accom- 
plished by keeping the r-f amplifier 
tuned to a fixed frequency and vary- 
ing the frequency of the local oscilla- 
tor. The selectivity of the input cir- 
cuit is made low enough to cover the 
entire band in question and is called 
a broad-band input circuit. When the 
primary and the secondary of a trans- 
former are moved close to each other, 
the coupling is increased beyond the 
critical value, and the response curve 
begins to broaden out. Instead of the 
familiar bell curve, a broad, flat- 
topped curve appears and the circuit is 
said to be overcoupled. As the coils 
are moved closer together, they be- 
come extremely overcoupled, the cen- 
ter of the curve begins to drop, and 
the two peaks appear still further re- 
moved from the center frequency. 
Such circuits are called overcoupled 
input circuits, and curves for values 
of coupling are shown in B of figure 
110. A simple resonant circuit can- 
not provide both impedance transfor- 
mation and wide bandwidth at the 
same time, and overcoupled input cir- 
cuits with double and even triple tun- 
ing must be used. The circuit shown 
in A is overcoupled and a capacitor is 
placed in series with the primary and 
adjusted to resonance at the operating 
frequency. This provides the band- 
width necessary for f-m reception. 
More complicated versions, which pro- 
duce three peaks in the response 
curve, can be obtained with three 
tuned circuits in the input. In f-m 
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Figure 110. Coupled input cirewit for r-f amplifiers. 
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equipment, the single- or double-tuned 
types are the most frequently encoun- 
tered. 


At very-high frequencies, it is diffi- 
cult to get the transformer type of in- 
put circuit to operate properly because 
of leakage and stray capacity. There- 
fore, the antenna or transmission line 
often is tapped directly on the coil. 
This connection (A of fig. 111) is 
suited especially to coaxial inputs. The 
operation is essentially that of an 
autotransformer, the coupling being 
between the two sections of the coil 
instead of through a separate pri- 
mary as in a conventional transformer 
arrangement. Since the bottom of the 
coil is at ground potential and the top 
at grid potential, the input impedance 
increases as the tap is moved up the 
coil, and any value of line impedance 
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c. Grounded-Cathode Amplifier. 
grounded-eathode r-f amplifier in A of figure 
112, is the most familiar of all types. The input 
may be applied with any one of the many dif- 


can be matched. Usually, a small 
fixed capacitor is inserted in series 
with the tap lead to prevent stray d-c 
voltages that may appear on the an- 
tenna or transmission line from reach- 
ing the grid. 


If a large variety of antennas and 
transmission lines is to be used with 
the amplifier, it is necessary to pro- 
vide an input circuit that can match 
a wide range of impedance. It is pos- 
sible to construct a tuned transformer 
with a primary that can be moved in 
respect to the secondary. As the cou- 
pling varies, the effective input impe- 
dance also varies. Since this arrange- 
ment can be complicated mechanically, 
however, a variation of the tapped in- 
put transformer is used instead. To 
avoid the complication of a variable 
tap on the coil, two variable capacitors 
in series are used as tuning elements 
with the line connected to their junc- 
tion, as in B. The capacitors act as a 
voltage divider. If the lower one has 
a much higher capacitance than the 
upper one, it has less reactance at the 
operating frequency. Therefore, the 
impedance across it is low and can be 
adjusted to match a wide variety of 
transmission lines. A variation of this 
circuit is shown in the pi-network of 
C, where the rotors of the two capaci- 
tors are grounded, with the input at 
the junction of the first capacitor and 
coil, and the output taken from the 
opposite junction. The pi-network 
passes all frequencies below the reso- 
nant frequency with only slight atten- 
uation. This can be disadvantageous 
if the equipment is operated near pow- 
erful low-frequency transmitters. In- 
put circuits for operation with bal- 
anced lines are shown in D, E, and F., 
Operation of the balanced circuits is 
similar to that of their unbalanced 
counterparts. 


The 
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Figure 111. Miscellaneous input circuits for r-f amplifiers. 


ferent input circuits to the grid, and the output 
is taken from a resonant load circuit in series 
with the plate. If a triode is used in this way, 
it must be neutralized to prevent tuned-plate 
tuned-grid vuscillation. This neutralization sel- 
dom is successful over a wide frequency range, 
and the circuit generally is used only with pen- 
todes. The noise performance of this circuit is 
good when triodes are used, but, with pentodes 
which have inherently higher noise figures, the 
arrangement is poor compared with that of 
other r-f amplifiers. 


d. Grounded-Grid Amplifier. The grounded- 
grid circuit, shown in B of figure 112, permits 
the use of the triode with its lower noise figure, 
and does not require neutralization. However, 
the voltage gain of the amplifier is not as great 
as that of the grounded-cathode circuit because 
the input impedance is very low. The tuned 
circuit has little voltage step-up to overcome 
tube noise and the over-all noise performance 
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suffers. The low-impedance input circuit per- 
mits the attainment of wide bandwidth and a 
reasonable noise figure without sacrificing too 
much voltage gain in the input circuit. The 
gain of the grounded-grid amplifier may not be 
great enough to override the noise produced by 
some converter tubes; therefore, it is common 
practice to find two grounded-grid r-f ampli- 
fiers in cascade. The added complications aris- 
ing from this necessity and the need for special 
tubes limit its use. The tubes themselves must 
have very low effective plate-to-cathode capaci- 
tance if the shielding effect of the grounded grid 
is to be realized. 


e. Cathode Follower. The amplifier shown 
in C has the input applied between the grid and 
ground, the plate is grounded for r-f, and the 
output circuit is in series with the cathode. The 
voltage gain of the stage is always less than 
unity, because the voltage variation at the 
cathode in an amplifier always is less than that 
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Figure 112. Single-tube r-f amplifier circuits. 


at the grid. The output impedance of this am- 
plifier is low because the cathode voltage is low 
and the current high. The input impedance is 
many times greater than the conventional 
grounded-cathode amplifier. Therefore, the in- 
put circuit can have a higher impedance and a 
higher voltage gain. The loss in the tube out- 
put, however, cancels out this advantage, giving 
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a net result not very different from that of the 
conventional grounded-cathode amplifier. The 
cathode follower can be used with a triode with- 
out fear of oscillation. The low-impedance out- 
put has to be stepped up with an additional 
tuned transformer to match the input of the 
converter tube. Therefore, there is some dan- 
ger of instability in coupling between the high- 
impedance transformers in the input and out- 
put circuits. 


f. Single-Tube Amplifiers. Except for some 
differences in stability, input bandwith, and the 
like, there is little difference in the sensitivity 
that can be obtained with the three types of 
amplifiers. The noise figure of the tube is 
essentially independent of the manner of cir- 
cuit connection. Where the high gain of a pen- 
tode stage is needed, the grounded-cathode cir- 
cuit is used. Where a good noise figure and 
broad input bandwidth or a good match to the 
transmission line is desired, the grounded-grid 
circuit serves well. If high input selectivity is 
desired, the cathode follower, which loads the 
input circuit the least, can be chosen. 


61. Two-Tube R-F Amplifier Circuits 


a. General. The grounded-cathode, grounded- 
grid, and cathode-follower amplifiers may be 
used together or in push-pull. The push-pull 
amplifier permits a low-impedance, balanced- 
input circuit and can be used at very-high fre- 
quencies. Circuit diagrams are shown in fig- 
ure 113. When cascade amplifiers are used, it 
is possible to have nine different circuit ar- 
rangements, since the output of any one of the 
three amplifiers may be connected in three 
different ways. The circuits most frequently 
used are the double grounded-grid, the cathode 
follower into grounded-grid, the grounded- 
eathode into grounded-grid, and the double 
grounded-cathode circuits. 


b. Push-Pull Amplifiers. 

(1) The push-pull circuit has a balanced 
input and output, and therefore is 
used widely with a balanced line. 
Since input voltage for a push-pull 
circuit must be twice that for an un- 
balanced amplifier, and since the in- 
put impedance is four times that for 
a conventional circuit, the over-all re- 
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Figure 113. Push-pull r-f amplifiers. 


quirement of impedance and voltage 
results in an input circuit with a 
higher ratio of inductance to capaci- 
tance. This becomes significant at 
very-high frequencies, where the in- 
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ternal tube capacitance can be an 
appreciable part of the circuit capaci- 
tanee. The tube capacitance is halved 
effectively in the push-pull circuit, be- 
cause the grid-cathode capacitance of 
the two tubes is in series across the 
input circuit. In the grounded-cathode 
circuit using triodes, it is necessary 
to use a cross-neutralization circuit. 
The over-all result is a circuit with a 
voltage gain that is much the same as 
that for a single neutralized triode, 
for the input voltage must be doubled 
even though the outputs of the two 
tubes add to each other. 


This implies that the noise produced 
by each tube also adds in the output. 
However, the voltage step-up in the 
input circuit is greater, and the over- 
all noise figure for the push-pull 
grounded-cathode circuit therefore is 
the same as that for each single-ended 
tube. The major advantage of the 
push-pull circuit, apart from its bal- 
ance, is comparative ease of neutrali- 
zation. Tubes such as the JAN types 
6J6 and 12AT7 are specifically de- 
signed for these circuits. 


The push-pull grounded-grid ampli- 
fier, in B, permits the use of a bal- 
anced input circuit of very low im- 
pedance. This means that a broad 
bandwidth can be obtained easily. The 
voltage gain of the amplifier is the 
same as that for a single grounded- 
grid stage, and the noise figure is 
unchanged. This circuit can be used 
at very-high frequencies, where neu- 
tralization required for the grounded- 
cathode push-pull stage becomes too 
critical. The tubes used must have 
low plate-to-cathode capacitance, or 
the shielding effect of the grounded 
grid is lost. Moreover, where two tri- 
odes are incorporated in a single en- 
velope, the cathode leads for each 
half must be brought out separately. 
JAN tube types 12AT7 and 6BQ7 
sometimes are used in this way. 


Push-pull cathode followers are un- 
common as r-f amplifiers because the 
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low-impedance output is not suitable 
for most mixer and converter tubes. 
However, when the mixer is a ger- 
manium or silicon crystal, it has a 
low-impedance input and the push- 
pull cathode follower can be used. 


c. Two-Tube Cascade Amplifiers. 


(1) 


(2) 


3) 
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Because of the deficiency in gain of a 
single grounded-grid stage, two stages 
generally are used in cascade, The 
output of the first is applied to the 
input of the second, as shown in A of 
figure 114. The over-all gain is the 
product of the individual stage gains. 
Because the gain of the first stage is 
seldom sufficient to permit it to over- 
come its own internally generated 
noise, the dual-cascade grounded-grid 
amplifier is not capable of as low a 
noise figure as a single neutralized 
triode. The arrangement does not re- 
quire neutralization, and, because of 
the low impedance of the input cir- 
cuits, it has a large usable bandwidth. 


The cathode follower driving a 
grounded-grid amplifier is referred to 
frequently as a cathode-coupled am- 
plifier. In this connection, the tubes 
have a common cathode connection 
through the cathode resistor, as shown 
in B. The noise figure for this ampli- 
fier is good, although each stage con- 
tributes to the noise without enough 
added amplification to overcome it. 
Consequently, where low noise is nec- 
essary, this circuit is less desirable. 
The input impedance is high and the 
output impedance also is compara- 
tively large. Only two tuned circuits 
are necessary, with the common cath- 
ode resistor acting as the interstage 
coupling. In addition, amplifier oper- 
ation is stable without the necessity 
for neutralization. Where simplicity 
of circuit connection is required, the 
cathode-coupled amplifier combines 
fair performance with a minimum 
number of parts. 


The most important of the cascade 
amplifiers consists of a grounded- 
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cathode triode driving a grounded- 
grid triode. This circuit usually is 
referred to as a driven grounded-grid 
circuit. From the standpoint of noise 
figure, it has the most favorable com- 
bination of characteristics. Several 
possible arrangements, shown in C, 
D, and E, permit this circuit to oper- 
ate with stability. The amplifier is 
stable because of the low plate load of 
the input amplifier formed by the in- 
put of the grounded-grid second stage. 
The voltage gain of the first tube is 
negligible, and gain is obtained in the 
second stage with the noise figure of 
the first stage. If the amplification 
factor of each tube is large, the noise 
figure is that of the input triode alone. 
This circuit has all of the advantages 
of the triode grounded-cathode ampli- 
fier without any of the disadvantages, 
such as need of precise neutralization. 
However, the noise figure of the first 
stage can be improved further at 
higher frequencies if it is neutralized. 


The three diagrams, C, D, and E, indi- 
cate different means for accomplishing 
neutralization in the driven grounded- 
grid circuit. C shows an inductor and 
blocking capacitor connected in series 
between the grid and the plate of the 
first tube. The value of inductance is 
chosen to produce parallel resonance 
with the grid-plate capacitance at the 
operating frequency. A variant of this 
method of neutralization is shown in 
D. Here, an out-of-phase voltage from 
the output circuit is applied to the in- 
put circuit through a capacitor. This 
arrangement operates over a wide 
range of frequencies if the leads of the 
neutralizing capacitor are short. The 
circuit of E is similar to that of D 
except that the two sections of the 
tube are coupled directly from plate 
to cathode, and the plate current of 
the first tube flows through the second 
tube. This arrangement is the ulti- 
mate in simplicity and noise perform- 
ance, since it uses very few parts. The 
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Figure 114. Cascade r-f amplifiers. 
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direct-coupled circuit combines the 
cut-off characteristics of both tubes. 
Therefore, variations in d-c grid volt- 
age required to cut off the two tubes 
are greater than for a single tube 
alone. This reduces the susceptibility 
of the stage to overload from strong 
signals and reduces modulation be- 
tween signals of different frequencies. 


d. Automatic Volume Control for R-F Am- 


plifiers. 


(1) Automatic control of the gain in the 


first r-f amplifier of an f-m receiver 
is desirable because it tends to equal- 
ize the signal applied to the mixer or 
converter stage. In a-m receivers, avc 
(automatic volume control) is used to 
hold the over-all gain of the receiver 
to a constant level and to minimize 
fading and similar effects. In an f-m 
receiver, this is not necessary, be- 


Section III. 


62. General 


a. Principles and Purposes of Frequency 
Conversion. 


(1) The frequency converter in a super- 
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heterodyne receiver beats the signal 
from the r-f amplifier against the sig- 
nal from the local oscillator to produce 
a signal at the intermediate frequency. 
Frequency conversion circuits are 
made up of two parts, the local oscil- 
lator and the mixer. The local-oscil- 
lator signal and the r-f signal ampli- 
tude-modulate the electron stream in 
the mixer. This action produces side 
bands equal to the sum and difference 
frequencies of the r-f and local-oscil- 
lator signals. The lower side band, 
which is the difference frequency, gen- 
erally is used as the i-f. The local 
oscillator always is much stronger 
than the signal so that the percentage 
of modulation is low. This prevents 
the development of spurious side 
bands. If the oscillator signal con- 
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cause the f-m detector does not re- 
spond readily to fading in a signal. 
Therefore, the requirements placed on 
the ave circuit in an f-m receiver are 
not severe, and many f-m receivers 
do not contain ave. 


Since strong signals tend to overload 
the mixer stage, the f-m ave circuit 
applies a negative potential to the con- 
trol grid of the first r-f amplifier. ‘This 
negative potential increases with an 
increase in signal, reducing the gain 
of the stage. Although tubes with a 
remote cut-off characteristic give the 
best performance, they have poor 
noise characteristics. The direct- 
coupled dual-triode arrangement is a 
practical solution to this problem. 
Sharp cut-off tubes can be used, al- 
though smaller ave voltages must be 
applied to prevent cutting off the tube 
entirely on strong signals. 


MIXERS AND CONVERTERS 


tains harmonics, side bands also are 
produced between these and the sig- 
nal. It is the function of the tuned 
input circuit to pass only the signal 
frequency, and the output circuit dis- 
criminates against all but the desired 
side band. 


Although separate local oscillators 
are used almost always at the higher 
frequencies, the functions of the mixer 
and the oscillator can be combined in 
one tube envelope. This tube is called 
a converter and usually is limited to 
intermediate frequencies below 15 mc 
in f-m receivers. In a double-conver- 
sion f-m receiver, however, the second 
mixer operates in the frequency range 
where a converter is practical. 


b. Operation of Modulation Process. 


The low percentage of modulation re- 
quired for frequency conversion can 
be produced in several ways. The 
method most frequently used depends 
on the transfer characteristic of a 
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tube or other circuit element. The 
transfer characteristic expresses the 
relationship between the signal ap- 
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plied to the input of a device and the 
signal obtained from its output. For 
example, a_ straight-line transfer 
characteristic of a resistive network 
is shown in A of figure 115. This is 
called a linear transfer characteristic 
and shows that the output voltage is 
directly proportional to the input volt- 
age. A sine-wave input to this circuit 
results in the output shown in B. 


The transfer characteristic of a 
vacuum tube is not a straight line, 
since the relationship of e, to i, 
usually is curved at low values of 
plate current (C of fig. 115). There- 
fore, the vacuum tube is a nonlinear 
device. When the voltage on the grid 
of a vacuum tube becomes more nega- 
tive and reaches the cut-off value, no 
current flows in the plate circuit. Con- 
sequently, for an entire range of volt- 
ages no current flows in the output 
circuit. Therefore, unlike the resistor, 
where current flows in proportion to 
any value of applied voltage, the 
vacuum tube is nonlinear, even if its 
transfer characteristic is perfectly 
straight. Other devices besides vac- 
uum tubes are nonlinear, including 
silicon and germanium crystals. 


Any nonlinear device can be used as a 
mixer. In figure 116, two sine waves 
of different frequencies are applied 
to a nonlinear circuit. The output 
waveform is the familiar modulation 
envelope, which is equivalent to the 
carrier plus the side bands. 


There are two methods of producing 
the modulation envelope in a vacuum- 
tube mixer, and both utilize the elec- 
tron stream. One method injects the 
r-f signal at the grid adjacent to the 
cathode and the local-oscillator signal 
at the same, or a following grid. The 
other method connects the oscillator 
to the grid adjacent to the cathode or 
to the cathode itself, and applies the 
r-f signal to an outer grid. Each 
method produces a variation of the 
electron stream by the oscillator, and 
a further variation by the r-f signal. 
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Figure 116. Mixer operation. 


The electrons which reach the plate 
produce a current which has the shape 
of the modulation envelope. Effec- 
tively, these two methods do not differ, 
because of the nonlinear properties of 
an electron stream attracted to a plate. 


c. Classification of Mixers. Mixers are classi- 
fied according to the way in which the r-f and 
local-oscillator signals are applied. When both 
are applied to a single terminal, the mixer is 
called single-ended. If the r-f signal is applied 
to the control grid and the local-oscillator signal 
to an outer grid, the mixer is called inner-grid 
modulated. When the oscillator signal is in- 
jected before the r-f signal, the tube is said to 
be outer-grid modulated. It is desirable to in- 
ject the local-oscillator signal at a low-impe- 
dance point such as the cathode of the tube. 
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This type of oscillator-signal connection is 
called a cathode-injection mixer. 
d. Conversion Transconductance. 

(1) The conversion transconductance of a 
mixer is defined as the ratio of the 
output current at the intermediate fre- 
quency, J, to the input signal, E,,, 
at radio frequency with zero plate 
load impedance: 

G, —= ly 

By 
Since frequency conversion is involved 
in a mixer, this must be indicated in 
the conversion transconductance. 
Strictly speaking, conversion trans- 
conductance is defined with small load 
resistance compared to plate resist- 
ance. As long as this condition is met, 
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(2) 


changes in output are caused only by 
changes in load resistance. Maximum 
output at the intermediate frequency 
is obtained with cut-off bias on the 
control grid. Therefore, the opera- 
tion of the mixer is similar to that of 
the plate detector. There is a very 
close similarity between conversion 
transconductance and the ordinary 
transconductance of an amplifier tube. 


The amplitude of the local-oscillator 
signal must be great enough to reach 
the part.of the transfer characteristic 
with the steepest slope. As grid cur- 
rent begins, to flow in the local-oscil- 
lator circuit, the input circuit of the 
mixer becomes loaded and therefore 
the local oscillator plus the r-f signal 
amplitude must be less than this 
amount. The mixer control grid must 
never be driven positive in respect to 
the cathode by local oscillator voltage. 
Bias for the mixer is obtained with a 
cathode resistor or, more frequently, 
with a grid leak. When a grid leak is 
used, the amplitude of the local-oscil- 
lator signal determines the d-c bias. 
The value of the a-c plate current 
which flows at the intermediate fre- 
quency, and hence the total output, 
depend chiefly on the slope of the 
transfer characteristic. The maximum 
conversion transconductance that can 
be reached is approximately 28 per- 
cent of the transconductance of the 
tube operating as an amplifier. 


e. Conversion Gain. 
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(1) The output current of the mixer, as 


shown in figure 116, contains a strong 
component at the intermediate fre- 
quency. The tuned circuits between 
the output of the mixer and the i-f 
amplifier are parallel-resonant at the 
i-f frequency, and have a high impe- 
dance at the intermediate frequency 
and low impedance at all others. 
Therefore, the output current develops 
a large i-f voltage drop across this 
circuit. The conversion gain of the 
mixer is defined as the ratio of this 


(2) 


i-f output voltage to the r-f signal in- 
put voltage: 

A=Ey 

Ey 

The amount of gain depends on the 
impedance of the tuned circuit. There- 
fore, it cannot be specified with a 
single constant for each tube type. A 
graph can be drawn, however, which 
shows this gain for different values of 
load impedance. 





The gain of the mixer depends on the 
conversion transconductance of the 
tube, since this determines the amount 
of current which flows through the 
tuned load circuit and the voltage de- 
veloped across it for a given value of 
grid voltage. For high sensitivity, the 
mixer must have a high value of con- 
version transconductance. Similarly, 
a high value of load impedance also is 
desirable. The flow of current in the 
output circuit of the mixer is limited 
by the a-c plate resistance of the tube. 
This is the ratio of the a-c plate volt- 
age to the a-c plate current at the in- 
termediate frequency and is essen- 
tially in series with the tuned output 
circuit. When its value is more than 
five times that of the impedance of the 
output circuit itself, the current which 
flows is limited by the plate resistance 
alone. Therefore, the conversion gain 
does not depend on the plate resist- 
ance of the tube for low values of load 
impedance. As the load impedance is 
made larger, however, it begins to ap- 
proach the value of the plate resist- 
ance, and the current flowing in the 
circuit decreases, with a correspond- 
ing decrease in the conversion trans- 
conductance. The load impedances 
which give the limiting value of gain 
usually are much higher than can be 
obtained with practical tuned circuits. 
Therefore, the maximum gain of the 
mixer stage as a whole is effectively 
determined by the maximum attain- 
able impedance of the tuned plate load 
circuit. 
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63. Requirements for Mixers and 


Converters 


a. Spurious Responses. 


(1) 


(2) 


(3) 
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Since a mixer is nothing more than a 
low-level modulator, the tuned input 
circuit can combine many signals with 
the fundamental of the local oscilla- 
tor, or any of its harmonics, to pro- 
duce an i-f output. If all but the de- 
sired signal are greatly attenuated be- 
fore reaching the mixer input, and the 
oscillator is operating with low har- 
monic content, the response to spuri- 
ous signals is minimized. This re- 
sponse depends on the selectivity of 
the input circuit of the mixer and of 
the preceding r-f stage. The over-all 
selectivity of the two stages is the 
product of the individual selectivities. 
If the response at a frequency far 
away from resonance is specified in 
decibels below that at resonance, the 
response of the two stages is the sum 
of the individual responses in decibels. 


The most important spurious response 
is the image frequency which com- 
bines with the local oscillator to pro- 
duce a spurious i-f side band. If the 
local oscillator is higher in frequency 
than the desired channel by 1 me, 
for example, the image response fre- 
quency is 1 mc higher, or 2 me above 
the desired channel. If a strong car- 
rier appears at the image frequency, 
it interferes with the desired station. 
The higher the intermediate fre- 
quency, the farther away the image 
is from the operating frequency and 
the greater its attenuation in the 
tuned circuits ahead of the mixer. 


Spurious responses of less importance 
than the image frequency can occur 
at many different frequencies where 
harmonics of the local oscillator beat 
with undesired signals (and their har- 
monics) to produce the i-f signals. 
Many other possible spurious re- 
sponses such as these are troublesome 
when the receiver is operated in the 
vicinity of a strong transmitter. It is 


difficult in some instances to deter- 
mine the cause of a particular re- 
sponse in a receiver. 


b. Interaction of Oscillator and Signal F're- 
quencies. In all mixers, a certain amount of 
coupling exists between circuits which intro- 
duce the r-f signal to the tube and those which 
introduce the local-oscillator signal. When the 
i-f is low compared with the operating fre- 
quency, the frequency of the oscillator and that 
of the mixer input circuit are very close to- 
gether. If a strong signal appears in the mixer 
input circuit while the receiver is tuned to a 
weak signal on an adjacent channel, the 
stronger one tends to cause the oscillator to 
shift frequency and lock in with it. This re- 
sults in failure of reception of the weak signal, 
and is called pulling. The degree of oscillator- 
frequency pulling is dependent on the i-f, on 
the coupling between the oscillator and input 
circuits, and on the basic stability of the oscii- 
lator itself. The condition is aggravated with 
avec applied to the mixer. In general, coupling 
between the oscillator and input circuits is 
greater at high frequencies, where oscillators 
tend to be less stable. Mixers have varying 
degrees of isolation between the oscillator and 
the r-f circuits. Therefore, the oscillator- 
mixer combination designed for use at high 
frequencies is strongly influenced by the de- 
gree of isolation. Converters, because of the 
association of oscillator and mixer in one tube 
envelope, generally are the worst offenders in 
regard to pulling. 


c. Noise and Input Loading in Converters 
and Mizers. 


(1) Like r-f amplifiers, the control grids 
of both mixer and converter tubes pre- 
sent a conductance which appears 
across the tuned input circuit. The 
amount of loading depends on the type 
of converter and the operating fre- 
quency. Where the r-f signal is in- 
troduced on an inner grid, with the 
local-oscillator signal on an outer grid, 
the loading is negative. This means 
that the resistive component of the 
conductance has a negative value at 
the operating frequency. The nega- 
tive resistance tends to cancel out 
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some of the positive resistance of the 
tuned circuit. Therefore, its Q is 
raised, resulting in an improvement 
in image rejection. When the Q of a 
parallel resonant circuit is raised, its 
effective load impedance increases, 
and the output voltage from the r-f 
amplifier goes up. This improves the 
operation at high frequencies. In 
those mixers where the local-oscilla- 
tor signal is injected on an inner grid, 
or on the same grid as the r-f signal, 
the input loading is positive. Here 
the action on the gain and image re- 
jection is the reverse: Image rejec- 
tion is lowered because of the lower Q, 
and the r-f gain is diminished because 
of decreased plate load impedance. 


Like r-f amplifier tubes, converters 
produce shot effect and partition 
noise. Because many converters have 
a larger number of grids than r-f 
amplifiers, the noise figure is higher. 
Even when triode tubes are used as 
mixers the noise figure is much lower 
than for the same tube operating as 
an r-f amplifier. This additional noise 
is contributed by the local oscillator. 
Any irregularity in the frequency of 
oscillation produces an effective noise 
voltage, in addition to the thermal, 
partition, and shot-effect noises gen- 
erated in the oscillator tube and cir- 
cuit. Generally, in f-m equipment for 
the v-h-f band, sufficient r-f gain is 
used ahead of the converter to prevent 
this noise from being a serious prob- 
lem. Above the v-h-f range, however, 
r-f amplifiers are no longer practical, 
and crystal mixers which have a cer- 
tain amount of loss but contribute 
nothing to the noise level are used. 
Of course, the local oscillator still will 
add noise, so that it becomes the main 
source of additional noise. 


The noise produced in multigrid mix- 
ers and converters can be reduced to 
a low value, equivalent in some cases 
to that of a pentode amplifier, by the 
proper application of feedback at the 
operating frequency. This feedback 


usually is generated across a tuned 
parallel-resonant circuit in the cath- 
ode lead. It is adjusted to resonance 
below the operating frequency so that 
its reactance is primarily capacitive. 
Variations in cathode current then ap- 
pear as voltage variations across this 
tuned circuit. These voltage varia- 
tions aid the voltage at the grid, effec- 
tively increasing the signal without 
adding to the noise. Therefore, the 
over-all noise figure is reduced. To 
prevent instability and oscillation, 
some of the signal frequency output 
from the plate circuit is returned to 
the grid through a neutralizing cir- 
cuit. This does not interfere with the 
feedback that reduces noise. Similar 
arrangements can be used with crys- 
tal mixers to cancel out the noise in- 
troduced by the oscillator. 


d. Oscillator Radiation. 


(1) The local oscillator in an f-m receiver 


generally operates at a fairly low 
level, producing only microwatts of 
power. However, even this low power, 
if allowed to reach the antenna, can 
cause serious interference to receivers 
operating in the vicinity. The position 
of a receiver with a radiating oscil- 
lator can be located by unfriendly 
forces through triangulation. There- 
fore, the suppression of oscillator ra- 
diation is important in military re- 
ceivers. The mixer is most critical in 
this respect. Oscillator power can 
reach the antenna back along the path 
through which the received signal 
comes. The coupling of the oscillator 
and signal sections of the mixer in- 
fluences this strongly. Where the os- 
cillator voltage is injected on the same 
grid as the signal voltage, the condi- 
tion is especially acute. In those mix- 
ers where the oscillator is applied to a 
separate grid, the coupling depends on 
the tube capacitance. Part of the oscil- 
lator voltage reaches the signal-tuned 
circuit through direct or stray-capaci- 
tive coupling. Another portion reaches 
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it through the electron stream of the 
tube. 


The suppression of oscillator radia- 
tion for a particular tube takes place 
primarily in the tuned circuits of the 
mixer input and the r-f amplifier. At 
low frequencies, where outside noise 
levels are far in excess of internal 
tube noise, the r-f amplifier is used to 
attenuate the local-oscillator signal 
applied to the antenna. Since the selec- 
tivity is greatest far from resonance 
in a tuned circuit, higher intermediate 
frequencies result in better local-oscil- 
lator suppression. However, where 
crystal mixers are used without r-f 
stages, as in u-h-f (ultrahigh-fre- 
quency) operation, the radiation must 
be eliminated entirely in the input cir- 
cuit. The very-high intermediate fre- 
quency required to allow for lowered 
selectivity makes the design and oper- 
ation of i-f amplifiers difficult. In 
general, doubling the intermediate fre- 
quency reduces oscillator radiation by 
a factor of 4. In vacuum-tube mixers, 
if the i-f is close to the operating fre- 
quency, the load presented to the oscil- 
lator voltage through the capacitance 
of the tube is high, and the radiated 
voltage increases considerably. 


e. Tracking of Mixer and Oscillator Circuits. 


(1) 
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When a superheterodyne receiver is 
tuned over a band of frequencies, a 


OSC. FREQ. HIGH 


OSC. FREQ. LOW 


SIGNAL FREQUENCY KC/S 


A 


constant frequency difference must be 
maintained between the oscillator fre- 
quency and the incoming signal. When 
this difference is maintained properly, 
the oscillator tuning is said to track 
with the mixer tuning. The frequency 
of a tuned circuit will vary with 
changes in either the capacitance or 
the inductance. From the formula for 
resonance, it is clear that the fre- 
quency decreases as the square of the 
increase in capacitance or inductance. 
Since the oscillator generally is tuned 
to a frequency higher than that of 
the mixer, if variable capacitors are 
used in the oscillator and mixer cir- 
cuits, the range of capacitance change 
of the oscillator must be restricted. 
The same change in capacitance in 
the oscillator as in the mixer would 
result in a larger oscillator frequency 
change at the higher frequencies, 
where a small change in capacitance 
is more significant. Restriction of the 
upper range of the oscillator tuning 
circuit is accomplished by a small 
capacitor in parallel with the main 
tuning capacitor. It effectively sets 
the minimum capacitance and conse- 
quently the maximum frequency of 
the circuit. Similarly, another much 
larger capacitor in series with the 
tuning circuit reduces the total effec- 
tive capacitance so that the oscillator 
frequency maintains the required dif- 
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Figure 117. Tracking circuit and error curve. 
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ference from the mixer at the lowest 
frequency. By suitable adjustment of 
the inductance of the oscillator coil, 
the capacitance of the parallel capaci- 
tor (the trimmer), and the capaci- 
tance of the series capacitor (the pad- 
der), exact tracking can be obtained 
at three frequencies over the tuning 
range. Errors in tracking can be 
shown graphically, as in A of figure 
117, where they are plotted against 
operating frequency. This type of 
error curve is typical for the circuit 
in B. 


When the inductance, rather than the 
capacitance, is varied (permeability 
tuned), the tracking is obtained either 
with variable inductances connected 
in series and parallel with the main 
inductance or with smal! trimmer and 
padder capacitors as before. Many 
double-conversion receivers require 
elaborate tracking arrangements. Spe- 
cial tuning capacitors may be used 
whose osciHator sections have differ- 
ently shaped plates as compared with 
the mixer and r-f section. In this way 
perfect tracking can be obtained over 
the entire range without complex ad- 
justment. This arrangement is not 
suitable, however, in a multirange re- 
ceiver, since the frequency difference 
required between the oscillator and 
the mixer becomes proportionately 
smaller relative to the increased oper- 
ating frequency. A coil can be wound 
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Figure 118. Diode mixer. 


with variable-pitch winding so that 
permeability tuning will give a con- 
stant frequency difference between 
oscillator and mixer. This method is 
used widely in the first i-f section of 
double- conversion receivers, with 
ganged-capacitor tuning in the second 
i-f section. 


64. Mixer Tubes and Circuits 


a. Diode Mixers. 


(1) Diode mixers are used at the extreme 


upper end of the v-h-f range, where 
ordinary triode tubes are unsatisfac- 
tory. The diodes used have extremely 
small interna] dimensions with close 
spacing between plate and cathode. 
A typical circuit using such a mixer 
is shown in figure 118. Diode mixers 
function not only with the oscillator 
fundamental, but also with harmonics. 
Therefore, oscillators operating at 
lower frequencies can be used. From 
the diagram, it is apparent that there 
is relatively little isolation between 
the oscillator and the r-f and antenna 
circuits, causing considerable oscilla- 
tor radiation. 


The voltage from the oscillator is rec- 
tified, causing d-c to flow in the plate 
circuit. Optimum operation usually 
is obtained with d-c currents of ap- 
proximately 200 to 500 microamperes. 
The parallel resonant circuit in the 
cathode is tuned to the oscillator fre- 
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quency, with the capacitor made suffi- 
ciently large to act as a cathode bypass 
at the r-f signal frequency. The 
heater-cathode capacitance in most 
tubes is sufficient at high frequencies 
to render the oscillator injection cir- 
cuit inoperative if not isolated. There- 
fore, r-f chokes always are required 
in the heater circuit with this type of 
mixer. 

(3) Since the diode cannot have any con- 
version gain, the noise figure of this 
type of mixer depends entirely on the 
i-f amplifier which follows it. The 
diode produces a shot-effect noise, and 
noise, of course, is introduced by the 
oscillator injection. Therefore, the 
over-all noise figure of this type of 
mixer is not as good as in a crystal 
diode, where no filament and conse- 
quently no shot effect are involved. 


6. Triode Mizers. 


(1) Two triode mixer circuits are shown 
in figure 119. In A, the oscillator 
signal is injected along with the r-f 
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signal at the grid; in B, cathode in- 
jection is used. As far as the per- 
formance of the mixer is concerned, 
there is little to choose between the 
two methods of oscillator injection, 
except that the grid loading with 
cathode injection is slightly greater. 
However, cathode injection gives bet- 
ter oscillator stability, since the load 
presented to the oscillator has a low 
impedance. The oscillator signal can 
be taken from a low-impedance point 
where varying load does not affect 
the operating frequency. 


The conversion transconductance is 
about 28 percent of the transconduc- 
tance of the same tube operated as 
triode amplifier. If the transconduc- 
tance at zero bias is reasonably high, 
the equivalent noise resistance of the 
tube is low, and the over-all noise is 
low. In general, the noise figure for 
a triode mixer is about the same as 
that for a single pentode amplifier. 
By the application of proper feedback, 
however, the noise from the oscilla- 
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Figure 119. Single-ended triode mixers. 
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tor can be reduced so that the over- 
all noise is no greater than that for 
the same tube used as an amplifier. 
It is possible to connect the tube as a 
grounded-grid mixer with cathode in- 
put and in this way obtain operation 
at higher frequencies than would 
otherwise be possible. 


If the operating frequency and the 
intermediate frequency are close to- 
gether, the plate-load impedance be- 
comes sufficiently great to permit 
tuned - grid tuned - plate oscillation. 
This causes instability, and the stage 
must be neutralized by conventional 
means. Furthermore, the capacitive 
plate load reflects a considerable re- 
sistive load across the mixer input, 
reducing the gain and the image re- 
jection. 


c. Dual-Triode Mixers. 
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The push-push grounded-cathode cir- 
cuit is used widely at v-h-f and func- 
tions effectively up to 600 mc. The 
oscillator signal usually is injected 
into the grid by means of a small 


(2) 


(1) 








inductive coupling loop (fig. 120). The 
local oscillator and input signal are 
completely cancelled in the plate cir- 
cuit, which improves the signal-to- 
noise ratio and adds to the stability. 
The actual operation is identical] with 
that of the balanced modulator, which 
it strongly resembles. 


Another dual-triode mixer that is use- 
ful at high frequencies is the cathode- 
coupled circuit shown in figure 121. 
The oscillator signal is injected 
through a cathode-follower section. 
The oscillator is isolated from the 
input circuit and from the mixer tube, 
which results in improved stability. 
There is almost complete elimination 
of any tendency of the oscillator fre- 
quency to shift with variation in the 
strength of received signal (pulling), 
as most other mixers would do with 
poor oscillator signal-grid isolation. 


d. Pentode Mizer. 


The pentode shown in figure 122 is 
one of the most frequently used mix- 
ers in f-m equipment for the v-h-f 
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Figure 121. Cathode-coupled mixer. 
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band. At low frequencies, where the 
screen grid is effective, the mixer pro- 
vides good isolation between the input 
and output circuits. This means re- 
duced input loading and elimination of 
possible instability. The oscillator and 
signal voltages usually are applied to 
the signal grid. In this way, a noise 
figure is obtained which exceeds that 
of a normal pentode amplifier, but 
which is much lower than in any of 
the multigrid mixers. 
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cathode inductance, and cathode in- 
jection will lower the voltage gain of 
the input circuit and also the noise 
performance. The stability of the 
oscillator, however, is improved at 
very-high frequencies, where a low- 
impedance oscillator load is needed. 
Unless the oscillator and mixer are 
loosely coupled, interaction and pull- 
ing become severe. Interaction of the 
oscillator and the signal is greatest 
when they are both on the same grid. 
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Figure 122. Pentode mixer. 


The pentode has an extremely high 
conversion transconductance and per- 
mits high voltage gain in the mixer 
stage. The equivalent noise voltage 
produced by the tube is twice that of 
a triode mixer of the same transcon- 
ductance. Because of the high obtain- 
able transconductance of pentodes, the 
over-all performance can exceed that 
of some triodes. Since the triode has 
a certain amount of coupling between 
grid and plate circuits, it is at a dis- 
advantage compared with the pentode. 
At the signal frequency, the i-f circuit 
is capacitive, and this, because of 
Miller effect, results in a reflected low 
resistance in the grid circuit. The 
screen in a pentode effectively stops 
this loading. 


With a pentode, cathode injection of 
the oscillator signal is possible, but 
this mode of injection will increase 
the effective cathode inductance. Since 
the input load is proportional to the 


Similarly, oscillator radiation becomes 
a greater problem; however, the high 
transconductance permits the use of 
small oscillator voltages, and radia- 
tion is not as great a problem as in a 
triode. 


e. Multigrid Mixers. 
(1) In superheterodyne receivers, many 


different tubes have been developed 
solely for use as mixers, but only a 
few of these are usable at v-h-f. In 
general, all multigrid mixers, which 
have more grids than a pentode, are 
divided into two classes—those in 
which the r-f signal is placed on the 
inner (control) grid, and those where 
the local-oscillator signal is on the 
inner grid. In the first category are 
the pentagrid mixer and the heptode. 
In the second are the pentagrid con- 
verters, which include the hexode and 
the octode. In addition to these tubes, 
there are those with a triode local- 
oscillator section in the envelope with 
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a pentode mixer. These do not differ 
from the separate mixers and oscilla- 
tors covered in the preceding para- 
graphs. 


A cross section of a typical pentagrid 
mixer is shown in A of figure 128. The 
oscillator voltage is applied to the 
oscillator grid, and the r-f signal is 
applied to the signal grid, which is 
the third grid out from the cathode. 
The signal grid is shielded from the 
oscillator grid by a screen grid. The 
screen grid is connected to a second 
screen between the signal grid and 
the plate which serves to isolate the 
signal grid from the plate. A conven- 
tional suppressor follows the second- 
screen grid. A typical circuit using 
this tube is shown in B. It has fairly 
high gain, because the internal con- 
struction permits a high conversion 
transconductance. 


Because of the large number of grids, 
the noise performance is poor, but 
this is largely offset by the high gain. 
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With suitable feedback in the cathode 
circuit, the noise figure can be brought 
down to that of a pentode. The major 
fault arises from coupling between 
the signal grid and the oscillator grid 
through the space charge of the tube. 
This reduces the gain and the conver- 
sion transconductance. A _ small 
amount of capacitive coupling exists 
even though a screen is placed be- 
tween the two circuits, and this adds 
to the interaction between the oscil- 
lator and mixer sections. The effect 
of the capacitive coupling is opposite 
to that of space-charge coupling, and 
if a small capacitor is placed between 
the oscillator and the signal grids to 
add to the normal capacitance, the 
space-charge coupling can be neu- 
tralized at high frequencies. This im- 
proves the performance somewhat. 
The tube loads the tuned circuit in the 
signal grid negatively so that the per- 
formance of that circuit actually is 
improved. However, during the nega- 
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Figure 123. Pentagrid mixer. 
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tive portion of the oscillator cycle, 
the cathode can swing more negative 
than the signal grid. When this oc- 
curs, the signal grid draws current 
unless the oscillator grid is sufficiently 
negative to cut off the cathode current 
entirely. Therefore, suitable values of 
grid-leak resistance must be used to 
develop a high negative bias, or the 
oscillator voltage must be increased. 
The tube is used more often as a con- 
verter than as a mixer. 


65. Converters 


a. Converters are essentially mixer tubes 
where the oscillator grid in conjunction with 
the electron stream and the plate or screen acts 
as a self-contained oscillator. The oscillator, 
therefore, does not require a separate tube. 
The pentagrid converter is the principal type 
used, and a typical circuit is shown in A of 
figure 124. In a converter, the requirements of 
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oscillator stability are most severe. Only those 
types can be used that have an internal con- 
struction which will allow the frequency of 
oscillation to be stable. The mixer part of the 
tube is conventional, but the oscillator consists 
of the inner grid, the cathode, and the screen 
grid. The screen acts as the plate, so that local 
oscillation takes place between elements form- 
ing a triode. 


b. The converter is used widely in the second 
mixer-oscillator stage of double-conversion re- 
ceivers, with a crystal oscillator as shown in B. 
It is a highly stable circuit with good gain at 
the low frequencies involved. The crystal oscil- 
lator is an ultraudion type, with the crystal 
acting as a tuned circuit between the screen 
and the control grid of the oscillator section, 
the screen acting as a plate. At the higher fre- 
quencies, the gain of the converter falls off 
unless sufficient capacitance is added between 
the oscillator and signal grids to neutralize the 
effect of space-charge coupling. 
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Figure 124. Pentagrid converters. 
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66. Crystal Mixers 


a. General. At extremely high frequencies, 
vacuum tubes no longer function satisfactorily 
as mixers, and germanium or silicon diodes are 
used. The mixer circuit (fig. 125) is nearly the 
same as that of the diode mixer, although no 
‘ bias or filament voltages are needed. The crys- 
tal operates because there is a much higher 
resistance to current passing in one direction 
than in the other. Therefore, the crystal is 
essentially a nonlinear device. 
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Figure 125. Crystal mixer. 


b. Oscillator Injection. The performance of 
the crystal mixer depends on the uniformity and 
amplitude of the local-oscillator voltage in- 
jected. The oscillator voltage affects the match- 
ing of the r-f and i-f circuits and consequently 
the over-all noise performance. The average 
input impedance is approximately several hun- 
dred ohms, and the output impedance is about 
the same value, or slightly lower. However, 
they are not a constant and both input impe- 
dance and output impedance decrease as the 
rectified current produced in the crystal by 
the local oscillator increases. If ordinary meth- 
ods of oscillator coupling with small capacitors 
are used, the injection of oscillator current 
varies widely, consequently changing the im- 
pedance. This affects adversely the noise per- 
formance and the conversion efficiency. There- 
fore, to provide uniform oscillator injection, 
equalizers are inserted in the circuit. 


ce. Conversion Efficiency. A crystal produces 
no voltage gain. However, the conversion loss 
is slight with well designed crystals. The effec- 
tive loss in signal-to-noise ratio, when meas- 
ured in terms of noise figure, also includes a 
factor resulting from the excess temperature 
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noise, which is the additional oscillator noise 
measured by the rise in temperature needed to 
produce the same amount of noise with the 
same impedance level at the crystal input. The 
conversion efficiency is relatively high if suffi- 
cient oscillator injection is available. Power of 
approximately 500 microwatts usually is suffi- 
cient. This is much lower than that required by 
a vacuum-tube mixer. 


d. Frequency Response and Noise Perform- 
ance. The frequency response of a crystal is 
practically uniform from the low-audio fre- 
quencies up to the superhigh-frequency range. 
Germanium crystals are capable of withstand- 
ing higher voltages, whereas the silicon crystals 
have less noise and conversion loss. Since the 
crystals are used in ranges where r-f amplifiers 
are not practical, the conversion efficiency must 
be as high as possible with little noise. The over- 
all noise performance of an f-m receiver using 
a crystal mixer is determined almost entirely 
by the noise figure of the first i-f amplifier. In 
this respect, the i-f amplifier plays almost the 
same role as the r-f amplifier does at lower fre- 
quencies. It is necessary to use a high inter- 
mediate frequency with a crystal mixer to mini- 
mize oscillator radiation and excess temperature 
noise. 


e. Crystal Operation at High Frequencies. 
The conversion transconductance of a crystal 
cannot be specified by a simple constant, since 
it depends on frequency and oscillator excita- 
tion. Because the spacing is extremely close, 
the capacitance between the fine wire in con- 
tact with the crystal surface in the holder is con- 
siderable despite the small area. No reliable 
prediction can be made of performance at high 
frequencies from measurements made at low 
frequencies. At these high frequencies, ordin- 
ary coils and capacitors are not satisfactory as 
circuit elements, so that it is common practice 
to use sections of transmission line, or wave- 
guide. However, the operation of the crystal as 
a mixer is the same as any other nonlinear de- 
vice, and at high frequencies, the over-all per- 
formance obtainable with good crystals ap- 
proaches that obtainable at lower frequencies 
with vacuum tubes. 
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Section IV. OSCILLATORS 


67. L-C Oscillators 


a. General. The local oscillator of a super- 
heterodyne f-m receiver generally operates at 
a high frequency. In a double-conversion heter- 
odyne, however, the second local oscillator oper- 
ates at a much lower frequency. The stability 
of the entire receiver is determined by the h-f 
oscillater since any change in oscillator fre- 
quency changes the effective tuning of the re- 
ceiver. The principal requirement for high-fre- 
quency oscillators in f-m receivers is a high 
degree of stability in respect to thermal, me- 
chanical, and electrical variations. 


b. Lumped-Constant Circuits. 


(1) Most oscillators used at very-high fre- 
quencies tend to be unstable unless 
great care is taken in the construction 
of the parts which determine the fre- 
quency. This instability stems from 
the large changes in reactance that 
take place with small changes in capac- 
itance or inductance. The most satis- 
factory circuits are those in which the 
effect of the vacuum tube on the fre- 
quency of oscillation is least. This usu- 
ally is accomplished through the use of 
the conventional Colpitts oscillator 
(fig. 126) or some modification of it. 
The conventional Colpitts oscillator 
in A obtains feedback through two 
capacitors in series, which are also 
effectively in parallel with the tube 
interelectrode capacitances. Since the 
interelectrode capacitances are small, 
large values of feedback capacitance 
make the effects of tube capacitance 
negligible. 

(2) A maximum value of series capaci- 
tance, however, is determined by the 
necessary load impedance to be devel- 
oped by the tank circuit in order to sus- 
tain oscillation. To avoid some of the 
disadvantages of using relatively low 
values of capacitance, the circuit in B 
often is used. The series capacitors 
are a part of the tank circuit, with a 
smaller series capacitor used to tune 
the oscillator. This arrangement per- 
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Figure 126. Two versions of Colpitts oscillator. 


mits stability over a wide range of 
variation in either tube or load condi- 
tions. Both circuits, however, have the 
disadvantage of a tuning range re- 
stricted by the size of the tuning ca- 
pacitors. Therefore, even though sta- 
bility is lower, conventional Hartley or 
Armstrong circuits are used where 
wide tuning range is necessary. 


c. Causes of Drift. 
(1) The causes of drift in lumped-constant 


oscillators operating at high frequen- 
cies can be classified electrically, me- 
chanically, and thermally. Electrical 
drift takes place when the plate volt- 
age, filament voltage, or any other tube 
potential changes. For most oscilla- 
tors, the supply voltage enters into the 
determination of the frequency of 
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oscillation, although simplified theo- 
ries of oscillator operation usually do 
not take this fact into account. This 
is because a vacuum-tube oscillator is 
a device whose characteristics vary 
with the supply voltage. The varia- 
tions can be corrected by suitable volt- 
age regulators for the plate and fila- 
ment supplies. Mechanical drift arises 
when inductors and capacitors change 
their physical dimensions with vibra- 
tion. This usually is overcome by us- 
ing very rugged components and 
shock-mounting the unit. 


(2) Thermal drift takes place because the 
values of capacitance or inductance 
change as the dimension of the compo- 
nents change with temperature. Low 
temperature-coefficient ceramic mate- 
rials, stretched wire coils, tempera- 
ture-compensating capacitors, and 
similar devices reduce the drift. Asso- 
ciated with thermal changes are hu- 
midity variations. Moisture-laden air 
has a different dielectric constant from 
that of dry air, and the capacitance of 
air capacitors changes with variations 
in humidity. To overcome this, a heat- 
ing device can be located near the os- 
cillator tank to keep the air dry, or 
the tank circuit can be hermetically 
sealed. Permeability tuning, which is 
much less susceptible to humidity, also 
can be used where other methods are 
not satisfactory. In all instances, the 
instability can be reduced by lowering 
the frequency of the oscillator and then 
using frequency multipliers to raise it 
to the desired value. 


d. Distributed-Constant Oscillators. At fre- 
quencies that are too high for ordinary lumped- 
constant oscillators, the tuned circuits are made 
of sections of transmission line. A shorted co- 
axial line serves as an inductance if its electrical 
length is less than a quarter-wavelength at the 
operating frequency. These transmission-line 
sections have very high Q and, if properly de- 
signed, are stable mechanically. Receiver oscil- 
lators using transmission lines tuned with vari- 
able capacitors are common in v-h-f equipment. 
The inductance is distributed along the entire 
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length of the line, and therefore is called a dis- 
tributed constant. The operation of these os- 
cillators is the same as for those used at low 
frequencies except that the tuned circuit does 
not have a lumped inductance. 

e. Second-Conversion Oscillators. In the sec- 
ond conversion circuit of double-conversion su- 
perheterodynes, the local oscillator can be of any 
conventional type. In some double-conversion 
receivers, the tuning is done in the second oscil- 
lator because it is easier to obtain stability at 
low frequencies. 


68. Crystal-Controlled Oscillators 


a. General. Crystal oscillators are used in 
f-m receivers because of their extremely high 
stability. Crystal oscillators used in second- 
conversion circuits operate at low frequencies 
with output at the frequency of the crystal. 
When crystals are used in the first-conversion 
circuit, the crystal oscillates at its fundamental 
frequency, but harmonic output is obtained 
through a harmonic generator. There are also 
circuits that cause the crystal to oscillate di- 
rectly on a mechanical harmonic. For lIow- 
frequency circuits, the choice of circuit depends 
on its simplicity and economy of parts. In the 
high-frequency converter, the requirements are 
more complex since there is conflict between 
requirements for high harmonic output, low 
subharmonic output, stability, and low-crystal 
current. 


b. Low-Frequency Crystal Oscillator. 

(1) The crystal is the equivalent of a high 
Q resonant circuit and controls the 
frequency of an oscillator precisely. 
Each crystal oscillator circuit has its 
counterpart in an L-C oscillator. For 
example, the triode-crystal oscillator 
in A of figure 127, is the equivalent 
of the tuned-plate, tuned-grid oscilla- 
tor. In B, the crystal oscillator circuit 
is the equivalent of the ultraudion os- 
cillator. In both circuits, the output 
voltage is at the frequency of the crys- 
tal. The tuned-plate, tuned-grid ar- 
rangement is used rarely because pre- 
cise tuning of the output circuit is nec- 
essary to maintain oscillations. The 
ultraudion circuit oscillates because of 
the feedback provided by the voltage 
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divider formed by the capacitance 
from the grid to the plate and the cath- 
ode. It is perhaps the simplest of-all 
crystal oscillators, since it requires 
only resistors and capacitors. 


(2) Other crystal oscillators whose output 


voltage is of the same frequency as 
that of the crystal are shown in C and 
D. These are designed to operate with 
tetrodes and pentodes. The circuit in 
C is the same as the tuned-grid, tuned- 
plate in A, except that the triode is re- 
placed with the pentode. The circuit 
in D is similar to the ultraudion in B, 
but it uses a tetrode. 


ec. Harmonic-Oscillator Circuits. 
(1) Where the local oscillator of the f-m 
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superheterodyne operates at a very- 
high frequency, it is not possible to use 
a crystal that oscillates directly at this 
frequency. One solution for obtaining 
output in the v-h-f range is to use an 
oscillator which generates a strong 
output on harmonics of the crystal 
fundamental, and then to use separate 
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Low-frequency crystal oscillators. 


frequency multiplication to obtain the 
desired frequency. 

Figure 128 illustrates three harmonic- 
oscillator circuits for pentodes. The 
cathode, control grid, and screen grid 
form a triode oscillating at the crystal 
frequency. These oscillations are rich 
in harmonics and the plate circuit is 
tuned to the desired harmonic. A high 
impedance is presented to the selected 
harmonic and a considerable output 
voltage is developed across this load. 
The three circuits differ in the basic 
type of oscillator; that is, in control 
grid-screen, grid-cathode connections. 
In A, the crystal is inserted between 
the control grid and the screen grid. 
In B, it is inserted between the cathode 
and control grid. 


(3) In C, a resonant circuit in series with 


the cathode is tuned midway between 
the crystal frequency and the second 
harmonic. Therefore, it is inductive at 
the crystal frequency. In conjunction 
with the capacitance between grid and 
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Figure 128. Harmonic crystal oscillators. 


cathode, it aets as a voltage divider 
providing the required feedback for 
oscillation. Of these three circuits, 
that of C has the greatest harmonic 
output and the highest stability when 
it is used with a well-screened pentode. 
The second circuit is practically inde- 
pendent of variations in tube charac- 
teristics, if the feedback capacitors 
are large enough. 


d. Overtone Oscillators. 
(1) The output of all of the harmonic og- 


cillators contains components at fre- 
quencies other than the fundamental. 
Unless they are separated from the 
mixer by a sufficient number of tuned 
circuits, serious difficulty with spuri- 
ous responses can arise. These disad- 
vantages can be overcome with spe- 
cial circuits and crystals. Instead of 
oscillating at their fundamental fre- 
quency, crystals can be made to oscil- 
late on other frequencies very close to 
odd harmonics of their fundamental. 
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Figure 129. Overtone oscillators, 
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These frequencies are its mechanical 
harmonics. Oscillators using this prin- 
ciple are called overtone oscillators. 
Special types of circuits must be used 
for this purpose. Their advantage lies 
in negligible output at frequencies 
lower than the desired frequency, 
which reduces the number of possible 
spurious responses considerably. 


(2) All of the overtone oscillator circuits 


(3) 


(4) 


(fig. 129) incorporate some form of 
frequency-selective feedback unlike 
that in a normal crystal oscillator. An 
additional resonant circuit is used to 
feed back energy at the frequency of 
the desired overtone, so that oscilla- 
tion takes place only at the desired fre- 
quency. The frequency-selective feed- 
back must be adjusted carefully, so 
that oscillation is caused only by the 
crystal and not by the feedback cir- 
cuit. 


In A, a simple ultraudion triode os- 
cillator is modified so that the fre- 
quency of feedback is controlled by the 
tuned circuit formed by L1 and C1. 
The amount of feedback is varied by 
changing the tap on 11. A second ver- 
sion of the same oscillator is shown in 
B, where the amplitude of the feed- 
back is controlled by the coupling be- 
tween L1 and L2. These circuits are 
especially suitable for operation of the 
crystal on the third overtone, where 
the frequency of feedback is not very 
critical. Power output at the fifth 
overtone is poor, and the feedback ad- 
justment becomes fairly critical when 
ordinary crystals are used. 


The overtone oscillator in C is capable 
of extremely stable operation, although 
it works only with crystals designed 
for overtone service. Feedback is con- 
trolled by the position of the cathode 
tap on £1 and by the setting of capac- 
itor C1. The tuned grid circuit is set 
for resonance at the frequency of the 


(5) 


(6) 


desired overtone. Therefore, the ca- 
pacitance of the crystal and its holder 
is also part of the resonant circuit, 
which is similar to that of the Hartley 
oscillator. This circuit has good out- 
put, especially at higher overtones, and 
the plate circuit can be tuned to a har- 
monic of the overtone, producing 
further frequency multiplication. 


An overtone oscillator which uses a 
high-gain pentode is shown in D. Feed- 
back is obtained by magnetic coupling. 
The crystal actually is resonated 
slightly above the desired overtone. 
This makes the entire grid circuit 
equivalent to a high-impedance paral- 
lel-resonant tank, which easily picks 
up a regenerative signal from the 
plate circuit and produces oscillation. 
At very high overtones, the capaci- 
tance of the grid circuit is sufficient to 
resonate with the inductance in the 
plate circuit. This circuit is capable of 
producing moderate amounts of output 
on extremely high overtones. Opera- 
tion on the twenty-ninth overtone has 
been obtained. This represents an im- 
portant saving of frequency multiplier 
stages, as well as freedom from spuri- 
ous responses attributable to the sub- 
harmonics of doublers and triplers. 


The circuit in E is somewhat different 
from those above. The input and out- 
put circuits of the triode are tuned to 
the same frequency, although the grid 
is much more broadly resonant than 
the plate. This is because of the high 
ratio of inductance to grid-cathode ca- 
pacitance. The crystal-holder capaci- 
tance is resonated in the cathode cir- 
cuit with an inductor at the desired 
overtone frequency. The only fre- 
quency at which oscillation can take 
place is that at which the crystal goes 
through series-resonance, producing a 
low impedance from cathode to 
ground. To prevent self oscillation be- 
tween grid and plate circuits, the in- 
ductance in the cathode circuit must be 
adjusted carefully. 
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Section V. TUNING AND FRONT-END CONTROLS 


69. Front-End Design 


a. Since few f-m receivers are designed to op- 
erate on a single frequency, means must be pro- 
vided for tuning them over the required range. 
The mechanisms used, as well as the circuits 
are designed to operate in the r-f amplifier, mix- 
er, and oscillator stages and are known as the 
front end of the receiver. In many instances, 
operation is required over a considerable por- 
tion of the v-h-f spectrum, and the requirements 
placed on the tuning circuits become severe. 
Some form of automatic tuning also is desirable. 


b. Since all tuned circuits use inductance and 
capacitance in one form or another, all front 
ends are designed to vary one’of these basic cir- 
cuit elements. At frequencies low enough for 
lumped constants, variable capacitors or vari- 
able inductors are used. Different means are 
available for adjusting these elements, such as 
powdered-iron slugs, tapped coils, or variable 
capacitors. At higher frequencies, distributed- 
constant devices, such as transmission lines, are 
used. The length of the transmission line is made 
either electrically or mechanically adjustable. 
Where crystal control is used, switching circuits 
have been evolved to change from channel to 
channel. 
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70. Automatic Tuning Mechanisms 


a. Detent Selector. One of the simplest of all 
automatic tuning selectors is the detent switch. 
This device enables a shaft used for tuning to 
be set repeatedly at the same position (fig. 1380). 
The actual tuning usually is accomplished by a 
variable capacitor connected to the shaft. A 
gear and dial-drive arrangement permits selec- 
tion of frequency groups comprising different 
channels, and also selection of individual chan- 
nels within each group. 


b. Mechanical Push-Button Systems. A de- 
vice that rotates the shaft of a variable capac- 
itor to preset positions is shown in figure 1381. 
The buttons are attached to notched rods rest- 
ing on gears. When the button is depressed 
fully, the rod pushes the gear to a point where 
it can rotate no farther. The gear, in turn, ro- 
tates a variable capacitor to the desired posi- 
tion. 


c. Electrical Push-Button Systems. Elec- 
trical push-button systems are manually oper- 
ated electrical switches which connect various 
trimmer capacitors in turn across the tuned cir- 
cuit. The setting of these trimmers determines 
the frequency to which the receiver is tuned. 
Included in this arrangement is a mechanical 
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Figure 130. Detent mechanism. 
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Figure 131. Mechanical push-button system. 


latching gear that makes it impossible to de- 
press two buttons simultaneously. In addition, 
the latching bar also disengages any button 
when another is pressed. The last button 
pressed stays engaged on the latch bar, indicat- 
ing the channel in use. Because of excessive 
r-f losses in the complicated structure of the 
latching switch, it is not as satisfactory at v-h-f 
as are the mechanical positioning systems. How- 
ever, up to about 100 mc, the performance is 
satisfactory if there is sufficient shielding. 


d. Switch and Turret Tuners. 


(1) A rotary selector switch used with 
preset coils to form a front-end cir- 
cuit has many advantages over the 
ones previously mentioned. A rotary 
switch with several decks can connect 
in turn the appropriate reactors for 
up to approximately 12 channels. Each 
preset channel can be adjusted for op- 
timum performance without much in- 
teraction from the other reactors if 
sufficient shielding is used. This sys- 
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tem has good noise performance as 
well as low circuit capacitance, which 
is especially valuable at high fre- 
quencies. However, the limitation in 
the number of channels, as well as the 
necessity for very elaborate equip- 
ment, limits the use of this arrange- 
ment. A more flexible variant com- 
bines the switch tuner with a variable 
capacitor. The switch selects the ap- 
propriate coils and trimmer capaci- 
tors, and the variable capacitor pro- 
vides fine tuning over the range of the 
particular coil. 


(2) One of the most efficient of all the mul- 
tichannel selectors is the so-called twr- 
ret tuner. In this device, all of the 
channels have separate sets of induc- 
tors and capacitors which are mount- 
ed in a drum, or turret. The efficiency 
is high because the leads between the 
tuning elements and the tubes can be 
made short, permitting high circuit 
inductance and low over-all capaci- 
tance, which in turn means high tuned- 
circuit gain. As with all preset chan- 
nel tuners using fixed electrical ele- 
ments, it is difficult with the turret 
tuner to change a whole group of chan- 
nels. This disadvantage can be over- 
come by providing an auxiliary vari- 
able capacitor or inductor which per- 
mits tuning through a considerable 
range. 


71. Manual Tuners 


a. Fixed-Frequency Equipment. In receivers 
where there is no need to change the band of 
frequencies, and where the total tuning range is 
small, separate coils and capacitors which are 
tuned manually are provided for each stage. An 
ordinary socket serves for the crystal oscillator, 
and different crystals are plugged in. The tun-: 
ing of the r-f amplifier and mixer stages is ac- 
complished with screw-driver-adjusted trimmer 
capacitors. At higher frequencies, where coils 
and capacitors no longer provide the proper 
amount of reactance, small setscrews which 
vary the length of a tuned transmission line are 
used in a similar fashion. Other arrangements, 
less frequently used, involve devices that are 
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combinations of inductors and capacitors and 
are varied with a setscrew. 


b. Variable High-Frequency Equipment. The 
receiver shown in figure 182 has coaxial lines 
made of tubing. These are inclosed in square 
cans and are tuned electrically by a ganged 
variable capacitor. Another arrangement has 
been tried, using parallel-tuned lines that are 





actually parts of the capacitors. So-called 


guillotine tuners, which are essentially variable 
inductances, also are used. The parallel line 
is shorted by a bar, giving the appearance of 
a guillotine. Another tuned-line arrangement 
uses flat-plate transmission lines, with variable 
capacitors formed by small metal disks for 
adjustment of resonance range. 
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Figure 132. Manual tuning of coaxial lines. 


Section VI. I-F AMPLIFIERS AND LIMITERS 


72. Function 


a. General. The front end of the f-m receiver 
produces an output signal usually in the micro- 
volt range, whereas the detector requires sig- 
nals in the order of several volts for its opera- 
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tion. Therefore, the i-f amplifier must perform 
most of the voltage amplification. The i-f stages 
must amplify the signal between 100,000 and 
1,000,000 times. They also must introduce suffi- 
cient selectivity to discriminate against sta- 
tions operating in the adjacent channel, and yet 
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have response sufficiently broad that the outer 
side bands of the f-m signal are not distorted. 


b. Selectivity. The selectivity of an i-f am- 
plifier is a measure of the total response of all 
of its tuned circuits. To obtain the required 
gain with adequate bandwidth, two or three i-f 
stages usually are needed. The circuit of a 
three-stage i-f amplifier is shown in figure 133. 
Each of the eight tuned circuits from the out- 
put of the mixer to the input of the detector 
has a response curve of the familiar bell shape. 
The response of the entire amplifier is the 
product of the responses at each point of the 
curve for each tuned eircuit. The broadness 
of the peak of the curve for each tuned circuit 
depends on the Q. If the Q is 100 at a frequency 
of 10 me, the peak of the curve is 100 ke wide 
between points where the voltage falls off to 
.707 of the peak value, or 3 db down. In gen- 
eral, the response of a tuned circuit is given 
approximately by the relation, 

bandwidth in ke = center frequency in ke. 

Q 
When two tuned circuits are used, the response 
of the circuit is sharpened. or example, the 
over-all bandwidth of the circuit is 100 ke, and 
the response, by definition, is 3 db down 50 ke 
to either side of the center frequency. Applying 
the output of this circuit to a similar one means 
that a signal 3 db down at the input is reduced 
another 3 db, or a total of 6 db. Neglecting the 
mutual inductanee, the response at 50 ke from 
the center frequency for an amplifier with 
eight tuned circuits is 
8 xX 3 db — 24 db down. 


This illustrates how the bandwidth is narrowed 
by increasing the number of tuned circuits. As 





the bandwidth is narrowed, the selectivity is 
increased. 


c. Selectivity Requirements. 


(1) In low-frequency f-m equipment, the 
channel spacing between adjacent 
transmitters can be as low as 50 ke. 
To prevent interference between chan- 
nels at the receiver, considerable se- 
lectivity is required ; however, increas- 
ing the selectivity of a stage increases 
the amplification of that stage. Be- 
cause of difficulties resulting from 
feedback and instability, there is a 
practical limit to the amplification 
that can be obtained from an i-f am- 
plifier. It seldom is possible to obtain 
high selectivity in a single i-f section. 
For good image rejection a high i-f 
is needed, which further restricts the 
selectivity that. can be obtained. The 
double-conversion receiver separates 
the i-f section into two sections oper- 
ating on different frequencies and 
helps reduce instability. The high i-f 
permits the necessary image rejection, 
and the low i-f provides the necessary 
selectivity. 


(2) For higher frequency operation, 
where wide-band f-m is used, double 
conversion is not needed, since the 
adjacent channel-rejection require- 
ments are less severe. However, wide 
deviation means that the selectivity 
of the i-f amplifier must be sufficiently 
broad to handle the full swing and 
still provide high gain and adequate 
rejection of off-channel signals. 
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Figure 133. Three-stage i-f amplifier. 
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73. Tuned Voltage Amplifiers 


a. Transformer-Coupled Amplifier. A trans- 
former-coupled amplifier, such as a typical stage 
in the circuit of figure 133, has a selectivity 
characteristic that is dependent on the amount 
of coupling between the primary and secondary 
of each transformer. The response curves for 
various degrees of coupling in such circuits are 
given in figure 134. Since the f-m side bands 
extend for a considerable distance on either side 
of the center frequency, a broad flat response 
is desirable. Beyond this, a sharp decrease in 
response is necessary to attenuate adjacent 
channels. An ideal curve for the f-m circuit 
would be the curve in B, but the sharp corners 
and vertical sides cannot be attained with con- 
ventional tuned cireuits. By selecting the proper 
amount of coupling, such as that of the curve 
where K, the coefficient of coupling, is equal to 
.015, an approximation to the ideal curve where 
K is equal to 1 can be reached in a large number 
of stages. The value-of K is given by the follow- 
ing formula: 

Coefficient of coupling K = 1 
VO, 9; 
where Q, and Q, are the values of Q for the 
primary and secondary, respectively. For ex- 
ample, suppose that the primary and secondary 
Q’s are equal to each other and have a value of 
66.7. Then, from the formula, 
K= 1 
ny OG < 66.7 


66.7 
= .015. 
Such a circuit has the response characteristic 
indicated by that value of K shown in A of 
figure 134. 


b. F-M I-F Transformers. The operation of 
the interstage coupling transformer determines 
the gain and selectivity of the stage. In general, 
these transformers must be adjustable so that 
the receiver can be tuned for maximum per- 
formance. The transformer can be tuned by 
variable capacitors across the fixed inductance 
of the primary and secondary, or the capacitors 
can be fixed and the inductance of the coils 
varied by means of powered iron slugs. The 
coupling of the coils is adjusted at the factory 
by setting the distance between the primary and 
the secondary. Low-frequency i-f transformers 
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Figure 134. Response of i-f transformers. 


used in the second conversion section of double 
superheterodynes are similar. 
c. Distortion in F-M I-F Stages. 

(1) To gain the full advantages of f-m 
reception, the i-f system must have a 
selective response that does not intro- 
duce objectionable distortion into the 
side-band system. At the same time, it 
must have sufficient adjacent-channel 
rejection. If the selectivity curve is 
not symmetrical about the center fre- 
quency, considerable distortion ap- 
pears in the output of the receiver 
because some side bands are amplified 
more than others. The parallel-tuned 
transformer, in addition to amplitude- 
response variation, introduces a cer- 
tain amount of phase shift into the 
signal. If the phase shift is not uni- 
form with frequency, the effect is 
somewhat like additional spurious 
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(2) 


(3) 


modulation of the signal. An ideal 
selectivity characteristic has a uniform 
phase shift throughout the band of 
frequencies that it passes. 

To correct distortion in practical cir- 
cuits, it is necessary to make the re- 
sponse curve as flat as possible. 
Although the double-humped (over- 
coupled) curve in A of figure 134 pro- 
vides sufficient bandwidth and steep 
sides, it has bad phase distortion. 
However, if a single-tuned circuit is 
added to this double-humped curve, 
the shallow depression in the center 
can be raised, giving a broad flat- 
topped characteristic with sharply 
falling sides. Alternate stages are used 
with either single-tuned circuits or 
undercoupled transformers and these 
fill in the depression caused by the 
overcoupled circuits of other stages. 
In the typical amplifier, eight sets of 
coils are contained in four transform- 
ers. If two are overcoupled and two 
critically coupled by the right amount, 
a curve can be obtained which closely 
approaches the ideal. Unfortunately, 
overcoupled circuits are difficult to 
aline. The tuning of the primary and 
secondary interact strongly with one 
another, with the result that the op- 
timum response curve is difficult to 
obtain without special equipment and 
tuning procedure. 

Another way to achieve the same re- 
sult is to couple all of the stages criti- 
cally so that each response curve is 
essentially that of a single-tuned amp- 
lifier. Each stage then is detuned 
slightly above or below the center fre- 
quency (stagger-tuned). The succes- 
sive stages each provide a portion of 
the desired flat top of the selectivity 
curve, and the sides of the curve are 
obtained by the two stages tuned 
farthest from the center frequency on 
either side. No two stages are tuned 
to exactly the same frequency; there- 
fore, any tendency to instability and 
self-oscillation is reduced consider- 
ably. This method introduces phase 
distortion into the f-m signal. 


d. I-F’s for High Adjacent-Channel Rejec- 


tion. 


(1) Where extremely good selectivity is 


(2) 


required, the standard double-tuned i-f 
transformer is not satisfactory. Even 
in double-conversion receivers there 
can be enough residual response in the 
adjacent channel to make reception 
difficult when a powerful local trans- 
mitter is operating while the receiver 
is tuned to a weak, distant station. 
Two methods designed to overcome 
this difficulty are the triple-tuned i-f 
transformers and the band-pass filter. 
The triple-tuned transformers have 
two ordinary windings inductively 
coupled to each other, but the output 
of the secondary is fed into a third 
parallel-resonant circuit through a ca- 
pacitor. In this way, the coupling of 
the three circuits can be arranged for 
good gain and very sharp selectivity. 
A sufficient number of these stages 
provides good attenuation of the adja- 
cent channel. 


The other method is more complicated, 
but produces better results. The out- 
put of the second mixer is fed into a 
band-pass filter that contains several 
tuned circuits. This filter produces a 
nearly ideal selectivity characteristic. 
Following the filter is a three-stage 
resistance-coupled i-f amplifier, which 
in turn drives the detector. The gain 
ahead of the filter is deliberately kept 
low, and the strong adjacent-channel 
station therefore cannot cross-modu- 
late the weak station to which the 
receiver is tuned. The filter selects the 
weak station and rejects the strong 
one before there is any appreciable 
voltage gain. All of the voltage gain 
takes place in the resistance-coupled 
stages, which receive only the weak 
signal from the filter, the strong ad- 
jacent channel station being almost 
completely rejected. 


74. Stability in F-M I-F Amplifiers 
a. Transformer-Coupled Pentode Stage. 
(1) If an f-m i-f stage is unstable, the 
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selectivity characteristic will not be 
symmetrical, and distortion will be 
high. Instability may be caused by 
feedback of energy from the output to 
the input, either in a single stage or 
over the chain of amplifiers. This in- 
stability usually does not exist on both 
sides of the pass band of i-f trans- 
formers at one time, since the feed- 
back can operate over only a narrow 
range of frequencies. Therefore, as- 
suming that all tendency to oscillate 
takes place at or near the center fre- 
quency, the amplification will be 
greater on the side of the response 
curve that tends toward oscillation. 
Oscillation may occur in voltage amp- 
lifiers at points far removed from the 
operating frequency, but these are not 
of immediate concern. An unstable or 
regenerative amplifier not only has 
bad selectivity characteristics, but will 
also respond more strongly to changes 
in supply voltages, tube character. 
istics, or signal input. For the best 
operation of an i-f amplifier, all volt- 
age feedback must be reduced to a 
minimum, so that interchanging tubes 
and circuit components for repair does 
not produce undesirable results. Al- 
though it is possible to reduce the 
tendency to oscillate by reducing the 
gain of the stage, the loss of gain im- 
pairs the sensitivity of the receiver. 





(2) The major cause of instability in 


pentode amplifier stages is the slight 
residual capacitance that exists be- 
tween the grid and the plate of the 
tube, tending to cause tuned-plate, 
tuned-grid oscillation. The value of 
this residual capacitance is seldom 
above .005 »»f, and it exists even if the 
screen grid is perfectly grounded. This 
small capacitance is sufficient to pro- 
mote oscillation when high-gain tubes 
are used with large values of induc- 
tance in the interstage transformers. 
The feedback can be neutralized as in 
a conventional triode amplifier, but the 
small capacitance makes the adjust- 
ment of any usual neutralization cir- 
cuit difficult. The circuit in A of figure 
135, shows one method of neutralizing 
this small capacitance by using a com- 
mon bypass capacitor for the plate and 
screen circuit. If properly chosen, this 
capacitor forms a bridge circuit, as in 
B, consisting of the grid-plate capaci- 
tance, C,,, the grid-screen capacitance, 
C,s, the plate-suppressor capacitance, 
C,, and the neutralizing bypass, C,. 
At terminal 1, which is in the grid 
circuit, no voltage can be received 
from terminals 2 and 3, the output 
circuit, because it is canceled out in 
the bridge. At 10 me, the neutralizing 
capacitance is about .002 »f for the 
typical pentode. The bridge does not 
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Figure 135. Neutralization of pentode i-f amplifiers. 
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provide perfect balance, but it ma- 
terially reduces the tendency toward 
feedback through the grid-plate ca- 
pacitance. 


Other types of feedback also limit the 
gain that can be obtained from the 
stage without oscillation. For exam- 
ple, since the impedance of the circuit 
is proportional to the inductance and 
also to the Q, increasing the induc- 
tance raises the impedance and the 
over-all gain. If the inductance is 
made large enough with the Q held 
constant, a value is reached where the 
stage oscillates. Another cause of feed- 
back is the common coupling of the 
plate and grid circuits through the 
common current that passes through 
the cathode. Even with the cathode 
pin grounded directly, the cathode 
impedance is far from negligible at 
high frequencies. This effect is re- 
duced if the tube used has two cathode 
connections. The plate is returned 
through its bypass capacitor to the 
grounded side of the cathode connec- 
tion, with the grid returned to the 
ungrounded side, and the paths of the 
two currents are comparatively inde- 
pendent. When the cathode is above 
ground, because of impedance in a 
cathode bypass capacitor, there is a 
further danger of instability. This is 
overcome by using capacitors which 
contain enough self-inductance to make 
them resonate at the intermediate fre- 
quency. In this way they present a 
very-low impedance path to ground. 
High-gain i-f stages usually do not use 
cathode bias. 


When the cathode-to-ground path is 
capacitive, a negative load is placed on 
the grid circuit, raising its Q@. Conse- 
quently, its impedance is raised, caus- 
ing instability. Negative loading can 
be reduced by using a cathode circuit 
that is inductive at the operating fre- 
quency. Inductive cathode ioading 
places a positive load across the tuned 
grid circuit which lowers the gain. For 
further stability, the tuned circuits 


(5) 


(1) 


always are returned to ground at the 
cathode of each stage. Otherwise, cur- 
rents that flow through a ground com- 
mon to the input and the output circuit 
could interact inductively, causing 
feedback. To reduce feedback from 
stage to stage, the grounds for each 
stage are made at one point, and the 
over-all grounding plan for the ampli- 
filer is arranged carefully to prevent 
interaction between high- and low- 
level ground circuits. 


Instability is caused between stages by 
direct coupling through the common 
filament supply and through a common 
plate supply impedance. This type of 
instability is overcome easily with 
suitable r-f chokes and bypass capaci- 
tors placed in the appropriate leads in 
each stage. Careful layout of the 
power-supply leads and shielding also 
is necessary to prevent inductive and 
capacitive interaction between succes- 
sive stages. The leads to the trans- 
formers and the associated parts with- 
in the individual stage must be kept 
as short as possible to prevent the de- 
velopment of stray capacitance which 
could cause feedback energy. The use 
of seamless drawn cans and iron slugs 
that magnetically shield the ends of 
the coils reduce the reaction through 
magnetic and capacitive coupling be- 
tween stages. Capacitive coupling be- 
tween the windings of the transformer 
itself can be reduced by placing an 
electrostatic grounded shield between 
the windings, or by using shielded 
wire for the primary. This prevents 
transfer of energy by direct capaci- 
tance between the coils and confines it 
to inductive coupling alone. 


b. High-Gain I-F Amplifiers. 


Since maximum over-all gain in the 
i-f amplifier permits the detector cir- 
cuit to operate at the high level 
desired, some means of increasing the 
gain of the amplifier must be devised. 
Increasing the ratio of inductance to 
capacitance in the i-f transformers in- 
creases the gain, but when the capaci- 
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tance in the grid circuit is reduced to 
a low value the Miller effect becomes 
prominent. Miller effect introduces a 
change in the input capacitance when 
the transconductance of the tube 
changes and if very low values of 
input capacitance are used, the changes 
are sufficient to detune the stage. 
When sharp impulse-noise bursts 
cause the signal at the grid of the last 
i-f stage to increase, they momentarily 
swing it far into the cut-off region. 
This momentary swing causes detun- 
ing of the transformer because the 
input capacitance can change as much 
as 2 puf. The sudden change in tuning 
spoils the symmetry of the amplifier 
response and produces phase distor- 
tion that appears in the output as noise 
or garbling of the signal. Most- of the 
amplitude variation that is produced 
by this impulse-noise is removed in the 
detector, but the phase distortion re- 
mains. Since the gain of an amplifier 
increases as the product of the trans- 
former capacitances decreases, it is 
possible to overeome the Miller effect 
on impulse noise by using the stray 
capacitance to tune the output circuit, 
and a fairly high capacitance in the 
input circuit. The use of the stray ca- 
pacitance to tune the plate circuit of 
the i-f stage allows the ratio of the 
inductance to capacitance to be in- 
creased Increasing the grid circuit 
capacitance causes the capacitance re- 
sulting from Miller effect to be effec- 
tively in parallel with a large capaci- 
tance and reduces its effect on the 
tuning of the stage 

A second problem in high-gain i-f 
systems is the instability that begins 
to appear when the over-all gain is 
high enough to supply the 2 volts 
needed to operate the detector in many 
receivers. The maximum gain of the 
i-f stages cannot produce the required 
output without feedback when the r-f 
signal at the antenna terminals is 
small. This disadvantage can be over- 
come partially with a double-conver- 
sion receiver. The second i-f section, 


however, does not have sufficient band- 
width to handle a wide-band signal, 
and, because of difficulty with spurious 
responses from the second oscillator, 
it is not always desirable to use a 
double-conversion receiver. 


(8) A circuit has been devised for use with 
both wide- and narrow-band f-m that 
overcomes this disadvantage. After 
passing through three high-gain i-f 
stages, the signal is applied to a fre- 
quency doubler. Since an f-m signal 
is not distorted by doubling its fre- 
quency, the character of the modulated 
wave is changed in no way. However, 
it does make possible a second high- 
gain i-f strip that is at twice the fre- 
quency of the first. The second i-f 
operates at a frequency with twice the 
deviation and bandwidth of the first 
i-f section. Therefore, the signal ap- 
plied to the f-m detector has a higher 
deviation without any significant in- 
crease in noise input. There is no 
danger of interaction between the 
high-level stage near the detector with 
the low-level input, since the frequen- 
cies are different. With most signals, 
there is sufficient voltage at the grid 
of the doubler to make it draw grid 
current, which makes the output of the 
doubler substantially independent of 
the input signal. The result is a limita- 
tion of variations in amplitude and 
consequently improved performance. 
Limiter stages which follow can have 
more gain too, because there is less 
danger of feedback. Finally, there is 
automatic squelching of background 
noise if no signal is present at the grid 
of the doubler, because there is no i-f 
output at the higher frequency. 


75. Limiter Circuits 


a. Purpose. A limiter stage generally is an 
i-f amplifier so arranged that, after a certain 
point, a further increase in input signal pro- 
duces no change in the amplitude of the output 
signal. If there is sufficient gain ahead of such 
a stage, variations of amplitude in the received 
signal are removed. Since the detector responds 
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only to frequency variations, the intelligence 
contained in the modulation is not impaired; in 
fact, fading and some types of noise are re- 
moved. Limiter stages are used after the last 
i-f stage in some f-m receivers. The circuit of 
a limiter is almost identical with that of a 
standard i-f amplifier, with the exception of the 
values of the components and operating poten- 
tials. Although a limiter provides some ampli- 
fication before its saturation point is reached, 
its main purpose is to limit the amplitude varia- 
tions caused by fading and noise in the output 
voltage. 


b. Operation. 


(1) The response of an ideal limiter is 
shown in A of figure 136. The ampli- 
fier tube must have a sharp cut-off 
characteristic. Very low values of 
screen voltage are used, and little bias 
is applied to the control grid. There- 
fore, large values of positive grid 
voltage quickly drive the tube to satur- 
ation, and large negative values drive 
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it to cut-off. The transfer character- 
istic of the limiter is shown in B. An 
input signal varying greatly in ampli- 
tude with sharp pulses of noise super- 
imposed is applied to the input of the 
limiter system. The varying voltage 
applied at the grid of the tube drives 
it to cut-off or saturation so that the 
large variations in amplitude are 
clipped off. In B, some amplification 
takes place for voltages between points 
1 and 2, but the output is held constant 
beyond 2. Values more negative than 
point 1 are below cut-off and therefore 
do not appear in the output. For 
proper limiter action, the lowest-amp- 
litude signal must swing at least from 
1 to 2. The resultant output signal is 
square because the extreme positive 
and negative peaks have been clipped 
off in the limiter. 


The limiter circuit shown in figure 137 
is similar to the standard i-f amplifier 
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Figure 136. Ideal limiter and tis characteristic. 
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Figure 137. Limiter circuit. 


except for the grid-leak resistor and 
capacitor to provide bias. The R-C 
combination produces a voltage that is 
equal to the peak d-c rectified voltage 
between grid and cathode. The recti- 
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fication that takes place provides the 
bias, in addition to its clipping action. 
The short disturbances in the signal 
caused by noise voltage that are longer 
than the time constant of the R-C 
circuit are clipped off. The longer 
variations caused by fading of the 
signal appear in the output. To take 
care of the slower fading, it is common 
practice to follow the first short-time- 
constant limiter with a second limiter 
that has a longer time constant. 


ce. Cascade Limiters. 

(1) Where it is desirable to eliminate both 
impulse noise and slow fading in a 
limiter, two limiter circuits with dif- 
ferent time constants are required. 
The limiters usually are in cascade and 
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Figure 138. Cascade-limiter coupling circuit. 


157 


have different grid-leak values. Sev- 
eral different circuits used to couple 
such ecaseade limiters together are 
shown in figure 138. Transformer 
coupling, in A, provides greater gain 
for the second limiter, but is at a dis- 
advantage where there is sufficient i-f 
gain to saturate the first limiter. Re- 
sistance coupling, in B, is most widely 
used because of its simplicity and ease 
of adjustment. In C, impedance cou- 
pling is a compromise between the 
other two. 


(2 


— 


It is not desirable to have any appre- 
ciable gain in the limiter because 
these stages can contribute to the over- 
all amplification of the i-f signal, and 
may cause regeneration. Amplifica- 
tion in the limiter takes place only 
when insufficient signal is applied to 
the grid circuit. Since it takes about 
2 volts to saturate the average limiter, 
if signals of 1 microvolt are to be re- 
ceived at the antenna, a gain of at 
least 2,000,000 must be effected ahead 
of the limiter. 


Section VII. 


76. Double-Tuned Discriminator 


The double-tuned discriminator described in 
chapter 4 was discussed in conjunction with 
frequency-control circuits. In f-m receivers the 
discriminator converts the frequency variation 
of the signal into audio variations. The transfer 
characteristic of the discriminator (fig. 139) is 
plotted in respect to the change in frequency and 
the amplitude of the audio output voltage. As 
the frequency of the input varies, each fre- 
quency deviation is translated into an effective 
ehange in amplitude of voltage at the discrimi- 
nator output. When the frequency deviation 
reaches its peak value on either side of the 
center frequency, the audio voltage also reaches 
a peak value. Changes in the rate of frequency 
deviation produce variations in the rate of 
change of audio voltage which are equivalent 
to changes in its frequency. The double-tuned 
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d. Miscellaneous Limiters. 

(1) Other circuits which serve as limiters, 
such as saturated diodes and cathode- 
coupled triodes, are called dynamic 
limiters. Since the diode ceases to con- 
duct if the plate is made more negative 
than the cathode, it is possible to clip 
the negative halves of the signal. If 
another diode is placed in series with 
the first, the positive half cycle is 
clipped also. This circuit produces a 
square wave from a sine-wave input 
signal. 

(2) A cathode-coupled amplifier also can 
act as a limiter if proper bias is ap- 
plied to the grids. As the grid of the 
first tube goes positive, it draws cur- 
rent. When it goes far negative, the 
cathode also goes negative, which ef- 
fectively causes grid current in the 
grounded grid of the second tube. Out- 
put is taken from the plate circuit of 
the grounded-grid section. The limit- 
ing action occurs through grid eurrent 
on both halves of the cycle. However, 
since two triodes or a dual triode are 
required, with little savings in parts, 
the circuit is infrequently used. 


F-M DETECTORS 


circuit is used infrequently in f-m receivers 
because the three tuned circuits required in the 
transformer are difficult to aline, and the design 
of the transformers becomes more critical. 


77. Phase Discriminator 


a. The phase discriminator, previously dis- 
cussed in relation to frequency control circuits, is 
one of the most frequently used f-m detectors. 
The principal advantage of the phase discrimina- 
tor over the double-tuned discriminator is its ease 
of alinement. Since the discriminator has no 
inherent rejection of amplitude modulation, it 
always is operated after a limiter stage. The 
secondary inductance of the discriminator 
transformer is lower than that of the primary 
to provide a step-down from the high plate im- 
pedance of the limiter to the low input imped- 
ance of the diodes. Therefore, the transformer 
for a phase discriminator differs somewhat from 
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Figure 139. Transfer characteristic of double-tuned discriminator. 


that used between two i-f stages. Diodes pre- 
sent a much lower impedance to the load than 
do the grids of a voltage amplifier, and since 
they vary from conducting to nonconducting 
conditions during various parts of the cycle, 
the actual load presented to the tuned circuit 
also changes drastically. 


b. The modified phase discriminator has es- 
sentially the same properties for f-m reception 
as the ordinary phase discriminator, but fewer 
components are needed. It is possible to recover 
recognizable audio signals at frequencies other 
than the center of the discriminator frequency 
with any type of discriminator because the se- 
lectivity curve of the transformers continues be- 
yond the characteristic $-shaped transfer curve. 
On the sides of these curves a signal that varies 
with frequency can be rectified by the diodes. 
When the receiver is slightly detuned, an audi- 
ble response is present, although with consid- 
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erable distortion. This occurs on both sides 
of the i-f channel, and detection off the center 
frequency is called side response. With a dis- 
criminator, the side responses are sometimes 
only 20 db lower than the desired channel, 
which shows the necessity for high adjacent- 
channel selectivity in the i-f amplifier. 


c. A modification of a phase discriminator, 
designed for operation with a tube that has two 
diode plates, but only a single cathode, is shown 
in A of figure 140. The circuit differs from the 
previous ones in the way the reference voltage 
is applied to both of the diode plates. Separate 
windings for each diode are connected by the 
small capacitor, C4. Both windings are tuned 
by capacitor C3, so that the effective resonant 
circuit is similar to that in other phase discrimi- 
nators. The i-f voltages are applied across each 
diode as before, with resistor R1 acting as the 
load for the upper diode; R2 acts as the load 
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78. Ratio Detector 


a. Basie Ratio Detector. 


(1) The basic purpose of a discriminator 
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Figure 140. Modified phase discriminator. 


for the lower diode because it is returned to the 
center of the coil and the d-c path is directly 
from cathode to plate. Although the resistors 
are connected to a common cathode, they serve 
as separate loads. 


ad. The reference voltage is coupled to the 
cathode by capacitor C3, and capacitor C4 serves 
as an r-f bypass to ground for the lower wind- 
ing. From the i-f stage, there are parallel paths 
from the plate of the tube, shown in simplified 
form in B. From the top of the primary, the i-f 
current passes through C8, and then flows 
through two paths, one through R1 to ground, 
the other through R2 and C4 to ground. Since 
the reactance of C3 and C4 is negligible at the 
i-f frequency, all of the reference voltage ap- 
pears across #1 and R2, as desired. The audio 
output appears on the high-potential side of the 
load resistors, which coincides with the lower 
end of R2. The additional resistor and capac- 
itor, R8-C5, form a de-emphasis network. 
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is to rectify two i-f voltages whose am- 
plitudes depend directly on frequency. 
These rectified voltages then are com- 
bined so that no voltage appears across 
their output at the center frequency 
of the i-f amplifier. A difference volt- 
age proportional to the difference in 
frequency of the two applied i-f volt- 
ages is produced when the frequency 
of the i-f signal is above or below the 
center frequency. This detector is in- 
sensitive to changes in amplitude at the 
center frequency, but changes in am- 
plitude off center may cause the audio 
output to vary. Therefore, whenever a 
discriminator is used, it must be pre- 
ceded by a limiter that requires more 
circuits and tubes. This disadvantage 
can be overcome by a ratio detector 
circuit which splits the rectified volt- 
ages in such a way that their ratio is 
directly proportional to the ratio of the 
applied i-f voltages, which vary with 
frequency. 


(2) When the sum of the rectified voltages 


from the transformer is maintained at 
a constant value, the ratio between 
them must remain constant, and the 
individual rectified voltages also must 
be constant. Output, therefore, is in- 
dependent of amplitude variations in 
the signal and no limiter is necessary. 
A simplified ratio-detector circuit (A 
of fig. 141) shows both diodes con- 
nected so that their output adds, in- 
stead of subtracting as in the discrim- 
inator. Capacitors C;, across the load 
resistors have a large value of capaci- 
tance and are charged by the output 
voltage of the rectifiers. This tends to 
make the total voltage across the load 
constant over the period of the time 
constant, RP, Cz, since a large capacitor 
across the combined loads maintains 
an average signal amplitude that is 
adjusted automatically to the required 
operating level. The rectified output 
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must not vary at audio frequency, and 
the time constant of the capacitor and 
the load resistors must be great enough 
to smooth out such changes. This time 
constant is approximately 2/10 sec- 
ond. The basic phase comparison cir- 
cuit and the appropriate vector dia- 
gram of the ratio detector and the 
phase discriminator are the same. 


b. Practical Ratio Detector. 
(1) In the circuit for a practical ratio de- 
tector (B of fig. 141) the voltages, #1, 
E2, and £3, are obtained in the same 
way as in the modified phase discrim- 
inator. Therefore, the applied voltage 
to the diodes also is the same. The 
diodes are connected in series, and the 
current through load resistor R, is 





(2) 


always in the same direction. Conse- 
quently, FR, acquires the polarity 
shown when the current flows from the 
plate of D1 to the cathode of D2. When 
an unmodulated signal is applied to 
the primary of the transformer, equal 
and opposite voltages #2 and #3 are 
developed across the secondary in re- 
spect to the center tap. These voltages 
are rectified by the diodes, with the 
output voltage across the load resistor, 
equal to their sum, or £2 plus #3, and 
the large capacitor, C,, is charged to 
this constant voltage. The time con- 
stant of R,; and C;, is long compared 
with the lowest audio frequency. 


Since the voltage across C, is constant, 
the sum of the voltages across C3 and 
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C4 also must remain fixed. When the 
carrier frequency shifts with modula- 
tion, however, the voltages across C3 
and C4 change, but the sum of their 
voltages stays fixed at the amplitude 
of the charge on C,. When the fre- 
quency decreases, C4 acquires a great- 
er charge than C3; when the fre- 
quency increases, C4 loses charge to 
C3. Therefore, the voltage between 
the center tap of the two capacitors 
and ground varies as the ratio of the 
voltages across C3 and C4, the ratio 
depending on the instantaneous fre- 
quency. A variable voltage whose am- 
plitude depends on the frequency de- 
viation of the carrier consequently can 
be applied to the audio output. As the 
rate of variation increases with fre- 
quency deviation, the voltage at the 
center tap changes frequency, produc- 
ing a higher audio frequency. Any 
amplitude variation in the input signal 
to the transformers, no matter where 
the carrier is in its swing, also tends 
to change the voltage across C3 and 
C4. The voltage across the R-C net- 
work, however, cannot change rapidly 
enough to follow the amplitude modu- 
lations, and the ratio of the voltage 
across C3 and C4 do not change 
enough to produce an audio output. 


ce. Performance of Ratio Detector. 
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(1) The rectified voltage across the load 


circuit of the ratio detector adjusts it- 
self to the amplitude of the input sig- 
nal, and there is no minimum level 
where amplitude variation still can 
appear in the output. No matter how 
weak the signal is, the amplitude vari- 
ations are removed to some extent by 
the constant charge on the capacitor. 
However, if signals of greater strength 
are tuned in, the charge on the capac- 
itor is increased, and the total voli- 
age across C3 and C4 is increased. Con- 
sequently, ratio detectors produce 
audio output that is proportional to 
the average strength of the received 
signal. Ratio detectors can operate 
with as little as 100 millivolts of in- 


put, which is much lower than that 
required for limiter saturation, and 
less i-f gain consequently is required. 
This receiver also is relatively quiet 
when no signal is received, since tube 
noise is not amplified as much. 


(2) As shown by the curves in figure 142, 


the tuning characteristic of the ratio 
detector has much lower side responses 
than the discriminator because they 
contain appreciable amplitude modula- 
tion which is rejected in the load cir- 
cuit. The disadvantages of the ratio 
detector are its greater susceptibility 
to impulse noise and fading, greater 
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Figure 142. Tuning characteristics of discriminator 


and ratio detector. 
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difficulty in alinement, and more com- 
plicated transformer design. 


d. Modified Ratio-Detector Circuits. 
(1) Two modifications of the ratio detector 


circuit are shown in figure 148. The 
modification in A allows simpler con- 
struction of the transformer. It con- 
sists of the addition of a third winding, 
L, from which the reference voltage 
and the audio output are derived. This 
tertiary winding consists of a few 
turns closely coupled to the lower end 
of the primary. It is essentially a low- 
impedance source since it is untuned, 
and the voltage induced in it from the 
primary is 180° out of phase with #1. 
Voltages H2 and E38 are each 90° out 
of phase with £1, and the same amount 
out of phase with the reference voltage 
which appears across L. Capacitor C5 
is an r-f bypass effectively grounding 
L at the intermediate frequency. Ca- 
pacitors C2 and C8 function as ratio 
capacitors. 


(2) The net diode current flow through L 


and C5 is zero when the diode currents 
are equal, because the currents flow 
through L and C5 in opposite direc- 
tions when the carrier is at the reso- 
nant frequency of the secondary. When 
the frequency shifts, the diode cur- 
rents are unbalanced, producing an 
audio voltage across C5, because it has 
a high reactance at audio frequencies. 
This modification overcomes the diffi- 
culties of a low-impedance source re- 
quirement for the reference voltage, 
F1. At the same time, since it permits 
the use of a high-impedance primary 
in the plate circuit of the last i-f trans- 
former, high gain is obtained. 


(3) The ratio detector in B has no ratio 
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capacitors, and the cathode of the low- 
er diode has been grounded. The volt- 
age across the tertiary winding is ap- 
plied to both of the diodes to produce 
a reference voltage. The i-f current 
now passes through the large capac- 
itor, C4, since the reactance is low and 
it does not impede the flow of the i-f 
current. The operation of this circuit is 


g 


similar to that of the modification 
shown in A. 


Synchronized-Oscillator Detector 


. Frequency-Dividing Locked Oscillator. 


(1) Using a pentagrid converter tube, an 


oscillator can be constructed which 
operates at a frequency that is a frac- 
tion of the receiver i-f. If the output 
of the i-f is applied to what is normally 
the oscillator grid, with oscillations 
taking place at the signal grid, the 
oscillating converter tube will follow 
the frequency deviation of the i-f at 
a fraction of the frequency. The os- 
cillator at a lower frequency follows 
the deviation of the i-f, and the devi- 
ation of the locked oscillator is re- 
duced. This reduced deviation can be 
detected in a conventional discrimina- 
tor to recover the audio signal. 


(2) The oscillator synchronizes with a 


voltage that is 1/20 of the output os- 
cillation amplitude. This provides an 
effective voltage gain of 20 on a low- 
er frequency which does not endanger 
the stability of the i-f amplifier. More- 
over, the input to the oscillator has no 
effect on the amplitude of oscillation. 
The output is like a limiter in that am- 
plitude variations are removed. Since 
the discriminator operates on a much 
lower frequency, the advantages of the 
high selectivity obtained with double 
conversion are realized without addi- 
tional i-f amplifiers or converter cir- 
cuits. This circuit also discriminates 
to some extent against impulse noise. 
Noise immunity is about that of a ecas- 
cade limiter. 


(3) The disadvantages of this system re- 


sult from the imperfect tuning and in- 
sufficient signal strength. Unless the 
receiver is perfectly tuned, the oscilla- . 
tor does not follow the extreme devia- 
tion limits, and distortion is produced 
in the output. When the signal 
strength is not sufficient to synchro- 
nize the oscillator, no recognizable out- 
put at all can be obtained. A more 
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Figure 148. Two modifications of ratio detector. 


complicated modification that involves 
a reactance modulator to keep the os- 
cillator synchronized also has been 
tried, but the complexity of the result- 
ing circuit makes it impractical. 


(4) A major advantage of the frequency 


dividing locked-oscillator circuit is its 
rejection of undesired signals in the 
desired channel. In a conventional 
f-m receiver, if two stations are on the 
same frequency but are different in 
amplitude by 3 db, the stronger signal 
appears about 9 db greater in the out- 


put. With a locked-oscillator detector, 
a signal that is 3 db stronger than an- 
other on the same channel can capture 
the oscillator almost completely, reduc- 
ing the level of interference by more 
than 30 db. This is a great improve- 
ment over the other types of detectors. 


b. Single-Stage Locked Oscillator. 
(1) The frequency-dividing locked oscilla- 


tor is really not a detector since the 
actual detection is carried out in a 
modified discriminator circuit. A spe- 
cial circuit using a tube that incorpo- 


AGO 421A 


rates the detector and the oscillator in 
a single envelope is illustrated in A of 
figure 144. The cathode and the first 
two grids constitute the tube for the 
locked oscillator, which is a Colpitts 
circuit. The signal at the oscillator fre- 
quency is coupled to the plate of the 
tube through the electron stream. The 
oscillator tank circuit is formed by 
the variable capacitor, L2, C,, and C4. 
Grid-leak bias is provided by C4 and 
R1. The second grid acts as the anode 
of the oscillator section and is at 
ground potential for i-f, since it is by- 
passed by capacitor C,. The fourth 
grid is connected internally to the sec- 
ond grid and acts as a shield for the 
signal grid, number 3, since it is also 
at ground potential. 


(2) The plate circuit is formed by Z3 and 


C3 in parallel. All of the tuned cir- 
cuits are resonant to the i-f. The Q of 
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Figure 144. Locked-osciliator detector. 
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the plate tank circuit is lowered by re- 
sistor R3 in parallel with the coil and 
therefore its bandwidth is increased. 
The impedance of this circuit does not 
change appreciably throughout the i-f 
pass band. With no signal applied to 
grid 3, oscillator pulses flow through 
the plate tank cireuit and develop a 
voltage across it. When a voltage is 
applied to the signal grid, the amount 
of plate-current flow changes, and the 
average value of the pulses of current 
appearing in the plate load also varies. 


(3) A vector diagram of the operation of 


the stage is shown in figure 144. Vec- 
tor e; is the oscillator voltage on grid 
1. Vector és, is the voltage on grid 3 
when the incoming frequency is the 
center of the i-f band. When there is 
no signal input, or when the signal is 
unmodulated, the pulses of current 
flowing in the tube do not change. 
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(4) 


(5) 


When the incoming signal and the 
pulses differ in phase, a component of 
the input signal is either in phase or 
out of phase with the pulses. The am- 
plitude of the pulse voltage increases 
or decreases. This phase change is pro- 
duced when the input voltage frequen- 
cy varies. Vector e3, shows the signal 
voltage when the frequency is below 
the center, and és, when it is above. 
These variations produce changes in 
the main vector, €:;, as shown by the 
horizontal components, e, and e,, that 
add or subtract from it. The magnitude 
of the current flowing in the plate cir- 
cuit therefore varies with the frequen- 
cy of the incoming signal. The average 
value of the pulses is obtained in the 
filter circuit of resistors and capacitors 
connected to the audio output. 


The frequency of the oscillator circuit 
is changed by feedback coupled from 
the output circuit. Feedback voltage 
is proportional to the amplitude of cur- 
rent pulses and is 90° out of phase 
with oscillator voltage because of the 
action of the tuned circuit. The circuit 
acts like an inductively coupled react- 
ance modulator which varies the ef- 
fective inductance in the oscillator 
tank cireuit. The oscillator therefore 
tends to stay locked in with the fre- 
quency of the incoming signal, as in C. 
Vector €9 is the voltage across the os- 
cillator tank without feedback. The 
current flowing through the tank is in 
phase with the applied voltage, as 
shown by the current vector, I. 


With feedback, the voltage across the 
tank is the voltage induced by coupling 
and the vector, é€>. The induced volt- 
age is 90° out of phase with eo, and 
this is equivalent to introducing in- 
ductance in series with the tank circuit 
coil. This increased inductance syn- 
chronizes the oscillator with the fre- 
quency of the incoming signal. With 
the oscillator exactly synchronized and 
with no modulation, a voltage is intro- 
duced in the oscillator circuit, ep, With 


€o, this produces the resultant vector, 
€oz, When the incoming frequency in- 
creases, the pulses of plate current de- 
crease, and the voltage induced in the 
oscillator tank also decreases. This is 
shown by the smaller vector, épo. The 
effective inductance is decreased, and 
the frequency of the oscillator is in- 
creased until it is brought back into 
synchronism with the input signal. 
When the frequency of the input signal 
decreases, the reverse opera‘ion takes 
place, as shown by vector érs and re- 
sultant oscillator voltage vector 93. 
The plate current changes linearly 
with these frequency variations. At the 
same time, it holds the oscillator in 
synchronism with the applied frequen- 
cy. The plate current variations are 
recovered through the audio load re- 
sistor, R2. Capacitor C6 serves to by- 
pass i-f current. The audio output is 
coupled to the following stages through 
C5 and R4. 


(6) This circuit effectively suppresses am- 


plitude modulation in the same way 
that the locked oscillator divider does. 
In addition, it acts automatically as its 
own detector. Like all locked oscilla- 
tor detectors, it has a threshold ampli- 
tude of input signal below which no 
signal at all is received. The input sig- 
nal required to lock the oscillator is ap- 
proximately 1 volt, which is slightly 
less than that needed for a limiter. Am- 
plitude-modulation disturbances ap- 
pear in the output as distortion be- 
cause the oscillator is forced out of 
synchronism for short periods of time, 
with resultant loss of linearity in plate- 
current change. This circuit combines 
the function of limiter and detector 
in one circuit, with good noise immun- 
ity. The audio output is independent of 
the input signal, although the distor- 
tion decreases with increasing signal 
input. The receiver is quiet in the ab- 
sence of a received carrier because 
there is no direct connection between 
the detector circuit and the i-f ampli- 
fier, provided the shielding is adequate. 
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80. Cycle-Counting Detector 


a. An f-m detector that requires no alinement 
at all, and which operates with a resistance- 
coupled second i-f amplifier, is shown in figure 
145. Selectivity is obtained through the use of 
a tuned first i-f at high frequency. The resist- 
ance-coupled circuit will pass a band of fre- 
quencies from low audio frequencies up to about 
200 ke. The essential operating feature of this 
detector is its response to the number of cycles 
provided by the two-stage resistance-coupled 
limiter. These limiters produce square waves 
which are rectified by the dual-diode, whose out- 
put consists of negative-going pulses. The posi- 
tive halves of the square waves are shorted to 
ground by the first half of the diode. The second 
half of the diode passes the negative halves, 
which charge the capacitor connected from plate 
to ground. As the frequency increases, the aver- 
age rate of charge increases, and the voltage 
across the capacitor increases. Starting at a 
given center frequency, the charge on the capac- 
itor fluctuates, depending on the departure of 
the signal from that center frequency. The re- 
sistor serves to lower the time constant so that 
the storage of charge can change fast enough 
to reproduce an audio signal. 


ture of the master oscillator from the assigned 
frequency. 


81. Gated-Beam-Tube Detector 


a. Tube. 


(1) The gated-beam tube (fig. 146) is a 
highly efficient limiter and a special 
type of discriminator contained with- 
in one envelope. Its operation depends 
on the behavior of focused streams of 
electrons, and, although it has grids 
and a plate, its operation is different 
from that of most receiving tubes. 
With the construction shown in A an 
unusually sharp cut-off tube results 
and the transition between anode cur- 
rent flow and cut-off, as controlled by 
grid voltage, is very abrupt. At the 
point where current begins to flow, the 
transconductance is much higher than 
for any other type of tube. This re- 
sults in the step-shaped control char- 
acteristic shown in B, where plate cur- 
rent is plotted against grid 1 voltage. 
After the plate current rises to its 
maximum value, no changein grid volt- 
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Figure 145. Cycle-counting detector. 


b. The dual limiters reduce undesirable a-m, 
and the detector responds only to frequency- 
modulated signals. The output is coupled 
through a capacitor to the first audio stage. Be- 
sides the ease of alinement, this circuit has fair- 
ly good sensitivity because of the dual i-f sys- 
tem. The selectivity, however, tends to be poor 
because of the small number of tuned circuits 
in the high-frequency i-f. The circuit has low 
distortion and is used widely in frequency moni- 
tors for f-m transmitters. The detector pro- 
duces output as low as 0 cycle (d-c), which can 
be used to actuate meters that show the depar- 
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age can produce any further change in 
plate current. This control character- 
istic is found only in this tube. 

(2) The electron stream from the cathode 
is passed through focusing and acceler- 
ating electrodes which form an elec- 
tron beam. The beam then passes 
through the first control grid if this 
grid is either zero or positive. The 
electrons continue through a second 
focusing electrode, a screen grid, and 
then through a narrow slit which acts 
as a virtual cathode for the second 
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Figure 146. Gated-beam tube. 


control grid. The control characteris- 
tic of the second control grid is similar 
to that of the first grid and the screen 
grid is inserted between them to act as 
a shield. Electrons pass through the 
tube in a flat sheet which narrows 
down at the focus and accelerator elec- 
trodes and broadens out in the vicinity 
of the control grids. When the poten- 


(3 


) 


tia] is close to zero, the electrons in the 
vicinity of the control grid move slow- 
ly, although most of them travel in 
substantially straight lines when pass- 
ing through it. 

Tf the voltage on the first control grid 
is made a trifle more negative, a few 
electrons are repelled in front of it, 
rapidly building up a space charge 
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which is concentrated in the center of 
the beam, forcing the remaining elec- 
trons to the side. Those falling back 
miss the small narrow opening from 
which they emerged, and the result is 
an abrupt cut-off of plate current, as 
shown in B. The operation of the sec- 
ond grid is identical with that of the 
first except that, since fewer electrons 
are available, the transconductance is 
slightly less. 

(4) When the control grids are driven posi- 
tive, they draw current. However, they 
cannot draw more than a proportion- 
ate share of the total beam current. 
Those electrons not captured by the 
positive control grid are accelerated 
and pass through its openings. If the 
accelerator and anode voltages are suf- 
ficiently high, the electrons are mov- 
ing so rapidly when they near the posi- 
tive grid that it captures few of them. 
The result is that the grid current is 
low, leveling off at a maximum value 
of about 500 microamperes long before 
maximum positive grid potential is 
reached. The entire complex assembly 
is contained within a seven-pin minia- 
ture-tube envelope. 


b. Operation as Limiter. 

(1) The circuit for the gated-beam tube 
operated as a limiter (A of fig. 147) is 
much like that of an ordinary ampli- 
fier, but its limiting capabilities are 
excellent because of the tube-control 
characteristic. Cathode bias is used, 
giving an effective negative first con- 
trol-grid potential of about 1 volt. 
This corresponds to the center of the 
steepest part of the control character- 
istic curve. Since the bias is critical, 
a small variable resistor is placed in 
series with the cathode so that field 
adjustments can be made. The control 
grid is returned to d-c ground through 
the secondary of the input transform- 
er. The second control grid usually is 
grounded and plays no part in the 
operation of the tube as a limiter. 

(2) Limiting occurs instantaneously if the 
voltage on control grid 1 is shifted 
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Figure 147. Circuits. 


slightly in either positive or negative 
direction. The application of signal 
voltage turns the tube plate current on 
and off with each cycle like a switch. 
The plate current then consists of posi- 
tive-going pulses which are flat-topped 
because the plate current levels off 
with the application of more than 1 or 
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2 volts of positive grid signal. Since 
there are no resistors or capacitors in 
the grid circuit, this limiter has a short 
time constant, and impulse noise, 
which is shorter in duration than a cy- 
cle of signal voltage, is clipped almost 
instantaneously. Consequently, this 
tube, as a limiter, produces better noise 
immunity than any other f-m limiter. 
Operation is extremely simple and sta- 
ble. Only one stage is needed with far 
fewer parts than are required for a 
cascade limiter, whose performance it 
exceeds. 


c. Operation as Discriminator. 
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(1) When the first control grid is biased at 


the base of its control characteristic, 
it passes the beam during positive half- 
cycles and rejects it during negative 
half-cycles. The square electron pulses 
pass through the second accelerator 
and form a space charge which varies 
periodically in front of the second con- 
trol grid. By this space-charge cou- 
pling, a periodic charging current of 
about 15 microamperes per megacycle 
is produced in the ground-return cir- 
cuit of the second control grid. If a 
tuned circuit is inserted in this grid 
lead, as in B, about 5 volts are built 
up which lag the input voltage on the 
first grid by 90°, when the circuit is 
at resonance. This quadrature volt- 
age operates the second grid on the 
steep portion of its control character- 
istic in the same way as the first grid. 
The result is that a plate current flows 
which consists of pulses passed by the 
gating action of the two grids. The 
beam can reach the plate only when 
both gates are open, plate current flow 
starting with the delayed opening of 
the second grid and ending with the 
closing of the first. 


(2) When the signal to the first grid is fre- 


quency-modulated, there is an instan- 
taneous shift in phase between the two 
grids. The Q of the tuned circuit tends 
to maintain the frequency, and gating 
action remains relatively constant on 


the second grid. The first grid, how- 
ever, changes in phase as the frequen- 
cy varies. This of course changes the 
timing of the opening of the two grids 
and varies the length of time during 
which plate current can flow. Conse- 
quently, the average plate current va- 
ries with the modulating frequency. 
The plate current pulses charge a ca- 
pacitor from plate to ground through a 
small resistance. The audio voltage 
appears across the capacitor. The typ- 
ical response curve has a linear rela- 
tion between deviation and audio out- 
put voltage over the entire range of 
frequencies at which the Q of the quad- 
rature circuit holds up its voltage. This 
means that a receiver using this tube 
has a wide range of correct tuning 
within the i-f pass band and produces 
little signal outside of this range. The 
result is better adjacent-channel selec- 
tivity than can be obtained with a dis- 
criminator or ratio detector. 


(3) The performance of the circuit depends 
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on the Q of the quadrature circuit. 
Higher Q’s give greater audio output 
with a consequent loss of bandwidth. 
A small resistance in series with the 
plate circuit causes i-f voltage to ap- 
pear at the plate. This i-f voltage is 
coupled through the interelectrode ca- 
pacitance between plate and second 
control grid into the quadrature cir- 
cuit. It is in phase with the quadra- 
ture voltage and therefore it aids in 
driving the tuned circuit. The result 
is a higher quadrature voltage and 
greater output. 


Effectively, a very linear discriminator 
and an excellent limiter are combined 
in one tube, with few parts and with 
noncritical adjustments. After the 
limiting characteristic is adjusted by 
setting the cathode-bias resistor, it is 
necessary only to tune the quadrature 
circuit for maximum audio output. 
High-frequency operation is limited by 
the capacitance between thesignal grid 
and the quadrature grid. The capaci- 
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tance is reduced greatly by the screen, 
but it is sufficient to permit a degener- 
ative, out-of-phase voltage to appear 
across the quadrature-tuned circuit at 
high frequencies, thereby reducing its 
voltage. With great care in shielding, 
operation can be obtained up to about 
380 mc. The sensitivity and a-m rejec- 


tion decrease as the i-f is increased. 
Since about 1 volt is needed to operate 
the tube with full limiting, the same 
amount of i-f gain is needed as for the 
pentode grid-bias limiter. However, 
since the beam tube does not have any 
gain at the i-f, there is much less dan- 
ger of instability. 


Section VIII. SQUELCH CIRCUITS 


82. General 


Squelch circuits remove the background noise 
present in limiter-discriminator detectors when 
no signal is present. In a high-gain receiver, the 
noise output is sufficient to be very annoying to 
operators who must monitor a channel for long 
periods of time. The squelch circuit lowers the 
audio output of the receiver when no signal is 
being received, and allows it to operate nor- 
mally when a signal is present. 


83. Limiter-Derived Squelch 


a. Direct-Coupled Cascade Limiter. 


(1) The limiter circuit in A of figure 148 
produces a partial squelch action. The 
signal from the i-f amplifier is clipped 
on the positive half-cycles by the first 
tube and on the negative half-cycles 
by the second. Positive grid bias for 
saturation limiting in the second stage 
is supplied from the B-plus circuit 
through R1. A large resistance, R2, 
which gives deliberately poor regula- 
tion of plate voltage, is used in series 
with the plate circuit of V2. When a 
signal is applied, the increase in nega- 
tive bias caused by the negative-going 
pulses decreases the plate current. The 
result is that the voltage at the junc- 
tion of the resistor and the tank cir- 
cuit rises sharply. 

(2) In the region of low plate voltage with 
no signal, the transconductance of the 
tube is low and the plate resistance also 
is reduced. These combine to reduce 
the noise output of the discriminator. 
The grid-cathode impedance of the sec- 
ond tube also is lowered by positive 
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bias, which decreases the noise re- 
sponse of the tuned input circuit. When 
the signal makes the grid bias nega- 
tive, the plate current drops, raising 
the plate voltage and reversing these 
conditions. The plate voltage change 
is approximately 50 volts with signal 
applied. 


b. Cascade Limiter Disabling Audio Ampli- 
fier. This change in plate voltage can be used 
to disable the first audio stage. In the circuit 
shown in B, the control voltage across R2 is 
reduced by the voltage divider, R, and R,, and 
applied to the audio-amplifier grid. The cath- 
ode bias of the audio tube is adjusted so that 
the audio grid is sufficiently negative in respect 
to the cathode to remain cut off in the absence 
of signal. When a signal is applied, the voltage 
on the grid rises and the tube again can con- 
duct. The bypass capacitor, C, is used to remove 
noise and hum from the audio grid. 


ce. Limiter Squelch Applied to Discriminator 
Diodes. The squelch voltage derived from the 
plate circuit of the second limiter can be ap- 
plied directly to the diode plates of the discrimi- 
nator, as in C. A positive voltage is placed on 
the cathodes by the voltage divider, R,R,. The 
diodes then are cut off because of more positive 
cathode voltage than plate voltage until a signal 
is received. With a signal present, the plates 
go positive in respect to the cathode, and the 
detector operates normally. 


84. Discriminator-Derived Squelch 


The circuit of figure 149 shows how squelch 
voltage can be derived from the discriminator 
circuit. The center of the load resistors, 83 and 
R4, of the discriminator develops a negative 
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Figure 148. Limiter squelch circuits. 


voltage when a signal is applied. This negative 
voltage applied through R5 and #6 is suffi- 
cient to cut off the squelch tube and permit a 
signal to pass through the audio amplifier. With- 
out a signal, positive bias, applied to the junc- 
tion of R1 and R2, is greater than the bias ap- 
plied to the cathode of the squelch tube from 
R11 and R12. This causes the tube to draw cur- 
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rent, dropping the plate voltage and cutting off 
the audio tube through 7. 


85. Noise-Rectifier System 


a. The circuit of figure 150 shows another 
type of squelch circuit. With no signal preseni, 
a certain amount of noise appears in the output 
of the discriminator. It is amplified by the noise 
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amplifier, and the output is rectified by one sec- 
tion of the noise rectifier. The negative charge 
built up on C6 is applied to the grid of the first 
limiter through R5, reducing its gain. The posi- 
tive peaks are rectified by the other half of the 
tube, and a positive charge is built up on C5 
and applied to the grid of the squelch tube 
through R6. The squelch tube conducts heavily, 
cutting off the audio amplifier by making its 
grid highly negative. 


b. A variation of this circuit applies the nega- 
tive voltage generated by the first limiter grid 
directly to the squelch amplifier through isola- 
tion resistors. A diode is connected across one 
of these resistors to prevent rectified audio sig- 
nals in the limiter grid circuit from reaching the 
squelch tube. In addition, the higher audio fre- 
quencies from the output of the discriminator 
are selected by a high-pass filter network and 
rectified in another diode and also applied to the 
squelch grid. With no signal present, a positive 
voltage is produced by the noise diodes, operat- 
ing the squelch tube and cutting off the audio 
amplifier. In the presence of signal, the negative 
voltage from the first limiter grid cancels this 
voltage, permitting the audio amplifier to oper- 
ate. Moreover, the noise-reducing property of 
f-m causes less positive voltage to be developed 
at the noise rectifier, increasing the speed of 
operation of the squelch circuit. This type of 
squelch can be adjusted to operate on very weak 
signals. 


86. Squelch-Oscillator Circuits 


a. The amplifier and voltage arrangement de- 
scribed above are unsatisfactory when the d-c 
supply voltage is hkely to vary over a wide 
range. In portable equipment powered by bat- 
teries, a reliable squelch arrangement is needed 
which does not depend to so great an extent on 
voltage variations. The basis for the operation 
of such a circuit is the abrupt starting charac- 
teristic of a pentode oscillator. The circuit dia- 
gram of figure 151 shows a typical squelch cir- 
cuit of this kind. A noise amplifier and rectifier 
are fed with noise derived from the discrimina- 
tor output. The rectified noise voltage is ap- 
plied to a d-c amplifier which is biased positively 
in the grid circuit to provide an adjustable 
squelch control. Only the high frequencies are 
applied to the noise rectifier because it is con- 
nected through a high-pass (R-C) circuit that 
presents a high impedance to any voltages in 
the speech range. With no signal received, the 
negative rectified voltage developed at the grid 
of the d-c amplifier is very large, and the tube 
is cut off. This produces a high screen voltage, 
which sends the squelch oscillator-rectifier tube 
into oscillation. The output is coupled to a sec- 
ond rectifier through a d-c blocking capacitor 
and is rectified to produce a high negative volt- 
age. When this negative voltage is applied to 
the grid of the first audio tube, it drives the tube 
beyond cut-off, eliminating noise from the out- 
put. 
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Figure 151. Practical squelch circuit for portable equipment. 
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b. With signal present, the noise-canceling 
properties of f-m remove voltage from the noise 
amplifier and rectifier. The d-c amplifier con- 
ducts, dropping the screen voltage, and the cir- 
cuit no longer oscillates. The rectified voltage 
from the diode in the oscillator tube falls, and 
the audio amplifier can pass signals. The point 


at which the oscillator breaks into oscillation is 
relatively independent of the plate voltage. As 
the battery deteriorates, however, the squelch 
control must be readjusted. The circuit is better 
than the others that have been discussed, since 
falling supply voltage does not result in increas- 
ing the squelch level. 


Section IX. AUDIO AMPLIFIERS, AFC CIRCUITS, AND TYPICAL RECEIVERS 


87. Audio Amplifiers 


a. The output of the f-m detector is usually 
about 1 volt. Audio power amplification there- 
fore is necessary to operate loudspeakers, ear- 
phones, or other devices. The audio amplifier 
circuits used in most f-m receivers do not dif- 
fer materially from their a-m counterparts, ex- 
cept in special equipment. The requirements of 
adequate response over the entire range of 
speech frequencies is easily met with simple 
transformer-coupled class-A amplifiers, using a 
single-ended beam tetrode or pentode. The in- 
clusion of de-emphasis networks in the audio 
system is perhaps the only feature that distin- 
guishes an f-m from an a-m audio system. They 
generally are incorporated between the output 
of the detector and the grid of the first audio 
amplifier where they operate at a low-voltage, 
high-impedance point, so that simple R-C com- 
binations are adequate. 


b. Occasionally, where communication is to 
be carried out under severe conditions, the fre- 
quency-response characteristic of the amplifier 
is shaped so that the lower speech frequencies 
(below 300 cps) are attenuated and the upper 
frequencies (above 3,000 cps) are accentuated. 
This contributes to the intelligibility of speech, 
since most of the consonant energy is in the up- 
per range. It is possible to achieve a satisfac- 
tory result merely by restricting the values of 
the interstage coupling capacitors so that a ris- 
ing frequency response is produced. Noise above 
4,000 cps then can be attenuated by a small ca- 
pacitor connected from plate to ground in one 
of the amplifier stages. 


ce. In some equipment, a wide a-f channel is 
required and the frequency response of the am- 
plifier must be flat, from 50 to about 12,000 
cps. These amplifiers are sometimes termed high 
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fidelity, since a very wide frequency range is 
reproduced with low distortion. Resistance-cou- 
pled and transformer-coupled push-pull audio 
circuits with high-quality components are used. 
Inverse feedback, which consists of returning 
a portion of the output to the input in phase 
opposition, frequently is used. It results in the 
reduction of distortion and noise, and the ex- 
tension of flat frequency response. The equip- 
ment which uses this high-fidelity arrangement 
is found most frequently in large fixed com- 
munication centers. 


88. AFC Circuits 


a. The use of automatic frequency control for 
receivers was mentioned in chapter 4 in connec- 
tion with the necessity for keeping transmitters 
and receivers locked to the same channel. In 
general, advantage is taken of the discrimina- 
tor in the receiver by utilizing some of its out- 
put to actuate a reactance tube associated with 
the high-frequency oscillator. This maintains 
the incoming signal in proper tune, regardless 
of drift in the receiver or transmitter oscilla- 
tors. An afe circuit generally is used only when 
the detector is of the limiter-discriminator type, 
although it is possible to derive afc voltage from 
the tertiary coil of a ratio detector. 


b. A d-c voltage is produced at the discrimi- 
nator output if the signal is not exactly in tune 
with the center frequency. This voltage is posi- 
tive or negative depending on whether the fre- 
quency is low or high. Such a condition takes 
place if the local oscillator in the front end 
drifts slightly. This, in turn, changes the rela- 
tive value of the i-f, and appears as an off-cen- 
ter frequency in the fixed-tuned i-f amplifiers 
and the discriminator. The d-c voltage produced 
by the discriminator is applied to the grid of 
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a reactance modulator, changing the effective 
transconductance of the tube. The amount of 
reactance injected into the tuned circuit of the 
local oscillator then changes, varying the oscil- 
lator frequeney in such a direction as to cancel 
out the drift which started the process. The 
response of the system must be sufficiently slow 
that variations in carrier frequency caused by 
modulation are not eliminated. Therefore, a 
long time constant is necessary in the network 
that feeds the reactance-modulator grid. In this 
way, only slow variations in the average fre- 
quency operate the reactance tube. 


c. Where the transmitter and the receiver 
are combined in the same unit, the local oscilla- 
tor of the receiver and the transmitter can be 
made interlocking and self-stabilizing by the 
use of various mixers and crystal oscillators. 
For example, in a typical receiver, the first i-f 
is approximately 5 mc and the operating fre- 
quency is 40 mec. Therefore, if the oscillator is 
operated on the low side of the received signal, 
a frequency of 85 me is needed. The transmit- 
ter, by definition, operates on the same fre- 
quency as does the receiver. It must, therefore, 
produce output at 40 mc. A single local oscilla- 
tor operating at 10 mc can be used for both units 
in the following way: The fourth harmonic of 
the oscillator is used directly in the transmit- 
ter, and the second harmonic (20 mc) is com- 
bined in a suitable mixer with the output from 
a crystal oscillator operating at 15 me to give 
the needed 35-me local-oscillator frequency. 


d. To keep this complicated system inter- 
locked with a distant transmitter requires only 
that the output of the receiver discriminator ac- 
tuate a reactance modulator across the local os- 
cillator to maintain the proper 5-me difference. 
In doing so, the basic 10-me frequency is main- 
tained automatically when receiving. In the 
transmit position the receiver continues to op- 
erate, and some of the 40-mc output of the trans- 
mitter is received and operates the reactance 
system, keeping the transmitter locked to the 
receiver, which in turn already is locked to the 
distant station. There are other possible com- 
binations of local oscillator, crystal oscillator, 
i-f, and transmitter frequencies that can be 
worked out with different arrangements of crys- 
tal oscillator and mixers in the same fashion. 
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89. Typical Receiver Circuits 


a. Single-Conversion Superheterodyne. 


(1) 


(2) 


In the previous sections of this chap- 
ter, the operation of the individual 
circuits that go to make up a complete 
receiver have been discussed. When 
the entire receiver is at hand, it is 
customary to refer to the complete 
schematic diagram for needed infor- 
mation. At first glance, this diagram 
may appear complicated but part of 
the complex appearance can be attri- 
buted to the power supply and control 
circuit wiring, which often is drawn 
in a confusing manner and basically 
obscures the real functional circuits. 
To permit interpretation of a complete 
schematic, a typical single-conversion 
receiver is diagrammed in figure 152. 
The wiring for the filaments, plate 
supply, and control circuits has been 
eliminated for clarity. This receiver 
uses a single r-f stage of the grounded- 
cathode pentode type, V1, a pentode 
mixer, V2, a triode local oscillator, V3, 
three i-f amplifiers, V4, V5, and V6, 
a ratio detector, V7, and two stages of 
audio amplification, V8 and V9. Al- 
though a pentode, such as V1, does not 
result in the most efficient r-f stage, 
it is simple and stable in operation. 
The signal from the antenna is intro- 
duced by means of a tap on L. Capaci- 
tor C1 tunes the circuit to resonance, 
and is a part of the ganged tuning 
arrangement that simultaneously 
tunes the r-f, C1, the mixer, C3, and 
the oscillator, C2. The output voltage 
of the r-f stage is developed across L2, 
which is the primary of the trans- 
former. The secondary is the tuned 
circuit, L8-C3, in the mixer grid cir- 
cuit and is tuned to the same frequency 
as C1. Trimmer C27 adjusts the mini- 
mum capacitance in the input circuit 
and partially compensates for differ- 
ing amounts of reactance that are in- 
jected across the input with different 
transmission lines and antennas. 


The input signal to the pentode, V2, 
mixer circuit appears across L3. Plate 
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(3) 


current is returned to the cathode 
through a tap on the lower end of the 
oscillator coil, L4. This injects some 
of the oscillator tank voltage into the 
cathode circuit through the r-f bypass, 
C6. The output tank circuit of the 
mixer is tuned to the intermediate fre- 
quency and forms the primary of 71, 
which is inclosed in a shielded can. 
The local oscillator is a Colpitts, with 
feedback provided by the cathode re- 
turn to capacitors C10 and C11. Grid- 
leak bias is developed across R2 and 
C9. The actual tuning is done by the 
ganged variable capacitor, C2, which 
is across L4. The capacitor and resis- 
tor network, C30—R5, in the plate cir- 
cuit of the oscillator, serves to ground 
the plate for r-f and prevent oscillator 
voltage from appearing in the power 
supply. 

The first two i-f amplifiers, V4 and 
V5, are sharp cut-off pentodes with 
separate cathode connections and use 
fixed bias so that the cathodes can be 
grounded directly. The grid and plate 
ground returns are made to the same 
point on the chassis through C13 and 
C14 in the first i-f and through C15 
and C16 in the second i-f. The screen 
and the plate circuits have a common 
bypass capacitor, which provides some 
neutralization of the residual grid- 
plate capacitance. The primary of 
transformer 73 is untuned, but has 
sufficient inductance to be resonant at 
the operating frequency with the vari- 
ous stray capacitances. The capacitor 
across the secondary lowers the input 
impedance and reduces the detuning 
effects of a large signal applied to the 
grid of V6, the third i-f stage. The 
plate-load circuit of V6 is the primary 
of the ratio-detector transformer, T4. 
The time constant of the stablilizing 
circuit is adjusted for good a-m rejec- 
tion by R12. Output voltage developed 
across the tertiary winding of the 
transformer and C20 is transferred to 
the first audio amplifier through the 
de-emphasis circuit formed by #6, 
C21, and blocking capacitor C22. 


(4) The first audio stage, V8, is a conven- 


tional triode, resistance-coupled volt- 
age amplifier with cathode bias fur- 
nished by C23 and R8. The output is 
developed across load resistor R9. The 
audio signal is coupled to the gain con- 
trol, R10, through C24, which is made 
low in value to introduce some at- 
tenuation of the lower audio frequen- 
cies for improved intelligibility. The 
output voltage is developed across the 
transformer-coupled plate circuit of 
V9. High frequencies, above the use- 
ful speech range, are attenuated by 
C31. Actually, this capacitor and the 
inductance of the primary of 75 form 
a parallel resonant circuit at about 
4,000 cps. Therefore, a greater load 
resistance is presented to the amplifier 
at this frequency and a greater output 
voltage is developed across it which 
serves to accentuate the consonants in 
the upper speech range. C25 serves as 
both a screen bypass and a plate re- 
turn for the audio amplifier. Cathode 
bias is developed across R11 and C26 
for class-A operation, with C26 made 
sufficiently large that the bypass action 
is poor at the lower audio frequencies. 
This introduces some out-of-phase 
voltage on the grid, effectively reduc- 
ing the gain of the amplifier in this 
range. The result is a more effective 
cut-off at the low frequency than is 
obtained through a low value of C24 
alone. 


b. Typical Double-Conversion Superhetero- 


(1) The complete schematic of a high- 


sensitivity, high-stability, double-con- 
version f-m superheterodyne is shown 
in figure 153. A direct-coupled, driven, 
grounded-grid, r-f stage, V1 is fol- 
lowed by a triode mixer, V2, which is 
cathode-coupled to a crystal overtone 
oscillator, V3. The first i-f signal is 
amplified by V4 and fed to the second 
mixer, V5, where it beats with the 
local oscillator signal from V6, pro- 
ducing the second i-f. The second i-f 
is amplified by V7 and V8 and applied 
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Figure 158. Typical double-conversion f-m receiver. 
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to the injection grid of a gated-beam 
tube, V9, operating as a limiter. The 
output of the limiter stage is trans- 
former-coupled to the discriminator, 
V10, from which is derived the audio, 
afe, and ave voltages. The audio sig- 
nal is fed to conventional audio ampli- 
fiers, V12 and V13, which are identical 
to those used in the single-conversion 
receiver. The afe voltage is applied to 
reactance tube V11, which changes the 
frequency of the second oscillator to 
produce a constant second i-f. The ave 
voltage is returned to the grid of the 
r-f amplifier. 

Since the first local oscillator is 
erystal-controlled, the input circuits of 
the r-f amplifier and mixer have a 
broad pass band. A double-tuned cir- 
cuit formed by C1-L1 and L2 with 
stray capacitance is used at the grid 
of the first section of the driven, 
grounded-grid circuit. Since ave volt- 
age is applied to the grid, it must be 
grounded for r-f by capacitor C3. The 
d-c voltage is fed through Rl, which is 
isolated from the tuned circuit by C2. 
C5 and R3 develop the cathode bias for 
the grounded-grid section of the cir- 
cuit. The direct-coupled circuit used 
permits a considerable reduction in 
the number of parts, and also in stray 
capacitance. The output signal is de- 
veloped across the tuned circuit, L3- 
C7, which is center-tapped and 
grounded for i-f by C8. To improve 
the noise figure, the out-of-phase neu- 
tralizing voltage at the ungrounded 
lower end is coupled back into the in- 
put circuit by C6. Output voltage from 
the stage is capacitively coupled to the 
triode mixer, V2, through C9, and R7 
serves as the grid-leak bias resistor. 
The crystal overtone first oscillator is 
inductively coupled to the cathode of 
the mixer by the tank circuit of L5. 
The output of the mixer is amplified 
in the second i-f amplifier, V4, and is 
coupled to grid 3 of the second mixer 
of the pentagrid converter, V5, 
through the i-f transformer, T2. The 
oscillations in the grid and screen cir- 
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cuits of the second oscillator, V6, are 
coupled to the plate through the elec- 
tron stream, and appear across the 
output tank circuit, L8—C45. The out- 
put circuit is tuned to a harmonic of 
the actual oscillator frequency so that 
higher stability is obtained through 
isolation of the frequency-determin- 
ing tank formed by L9, C42, C43, and 
C40. R27 and C41 serve as the grid- 
bias combination, and the r-f choke in 
the cathode permits the r-f voltage to 
develop across the feedback capacitors. 
The output of the second local oscilla- 
tor is fed to grid 1 of the mixer 
through the C53—R35 network. The 
frequency of the oscillator is controlled 
by the reactance modulator of the afc 
circuit, V11, which injects inductive 
reactance into the tank circuit to com- 
pensate for any oscillator drift. 


Signal voltage from the second mixer 
is amplified by the conventional tuned 
i-f amplifiers, V7 and V8, with the 
needed selectivity provided by trans- 
formers 73, T4, and T5. The output 
of the secondary of T5 is applied to 
the first grid of a gated-beam-tube 
limiter, V9, which removes amplitude 
variations and impulse noise from the 
signal. The limited output is coupled 
through 76 to a conventional phase 
discriminator, which also produces the 
afe and ave voltages. Afe voltage is 
coupled to the grid of the reactance 
modulator through R22. The react- 
ance modulator is prevented from re- 
sponding to the variations in the sig- 
nal by R36 and C54. R34 and C28 act 
as a de-emphasis circuit at the output 
of the discriminator. The remaining 
audio section of the receiver is the 
same as in the single-conversion re- 
ceiver. Analyzing a complicated re- 
ceiver circuit is a simple procedure 
when its component circuits are broken 
down into separate stages. With the 
inclusion of the control and power 
supply, the analysis is similar, al- 
though it sometimes is more difficult 
to see the interconnection of circuits 
and functions of the individual stages. 
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Section X. TYPICAL F-M RECEIVERS 


90. Single-Conversion F-M Receiver 


A single-conversion receiver designed for use 
in vehicular or ground installations is shown in 
figure 154. Three separate receivers, alike ex- 
cept for the tuning range, cover the band of 
frequencies between 20 and 55 mc. The single- 
conversion receiver is small and compact, with 
all operating controls and cable connectors 
mounted on the front panel. Power is supplied 
by a storage battery and vibrator power supply. 
The stages include an r-f amplifier, a mixer, a 
local oscillator, four i-f amplifiers, a limiter, a 
discriminator, and a two-stage audio amplifier. 
The squelch circuit uses the pentode section of 
a pentode-diode tube as a tuned-plate tuned-grid 
oscillator. The rectifier section rectifies the out- 
put and applies a bias to the r-f amplifier tube 
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to reduce its gain. It also applies bias to the 
audio-amplifier circuits, making them inopera- 
tive when no signal is applied. An audio output 
of 1 watt can be supplied for a speaker or 50 
mw for phones. 


91. Double-Conversion F-M Receiver 


The receiver chassis for the 30- to 40-mc band 
shown in figure 155 is housed in the same cabi- 
net as the indirect f-m transmitter shown in 
figure 101. This double-conversion receiver uses 
crystal oscillators for both low- and high-fre- 
quency conversion. A single r-f stage feeds the 
f-m signal to the mixer where it mixes with the 
signal produced by a crystal oscillator. The 
mixer output of the i-f is 4.3 me and this output 
is amplified by an i-f amplifier and fed to a 


TM 665-152 


Figure 154. Typical single-conversion receiver. 
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triode-hexode mixer. The triode section is a 
crystal oscillator. The output of the hexode 
mixer section is at the low i-f of 455 ke. The 
low i-f amplifier feeds the limiter-discriminator 
section. A cascade limiter feeds the discrimi- 
nator, which supplies an a-f signal to a two- 
stage audio amplifier. The output of the 
discriminator also is used to feed a noise amp- 
lifer and rectifier, which in turn inject a signal 
into the squelch circuit. The squelch tube cuts 
off the first a-f amplifier when no signal is 
present. If a signal is present, the first limiter 





renders the squelch circuit inoperative, allowing 
the first a-f amplifier to conduct normally. The 
final a-f amplifier provides sufficient output to 
drive a loudspeaker. 


92. Walkie-Talkie 


a. A versatile, battery-powered, f-m receiver- 
transmitter, designed to provide manpack com- 
munications for armored, artillery, and infantry 
units, is shown in figure 156. It also can be used 
in airplane and vehicle installations, or in semi- 
permanent ground installations. The walkie- 


TM 668-153 


Figure 155. Typical double-conve: sw ,ecewer. 
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talkie is available in three frequency ranges, 
20 to 27.9, 27 to 38.9, and 38 to 54.9 megacycles, 
and the power output of the transmitter can be 
.9 watt, 1 watt, or 1.2 watts, depending on the 
model used. A single calibrated dial continu- 
ously tunes both the transmitter and the re- 
ceiver. Direct f-m is used, and a built-in 
calibrator provides calibration points through- 
out the frequency range. The range varies from 
8 to 12 miles. The transmitter consists of an 
electron-coupled oscillator and a nonlinear coil 
modulator plus an afc circuit. The afe circuit 
is controlled by a receiver interlock system 
which compares the frequency of the transmit- 
ter oscillator to that of the receiver local oscil- 
lator. Because the transmitter is not very 
powerful, the receiver accordingly is designed 
with high sensitivity. A .5-microvolt signal 
produces 2.5 milliwatts of output. The circuit 
consists of two r-f amplifiers, a mixer and a 
separate local oscillator producing an i-f of 4.3 
me, five i-f amplifiers, a phase discriminator 
using crystals as rectifiers, and a single stage 
of audio amplification. A squelch circuit and 
an i-f calibrator also are provided. 


Section XI. 


93. General 


a. All f-m receivers contain a large number 
of tuned circuits which must be adjusted cor- 
rectly if the circuit is to function properly. 
Vibration, humidity, or temperature may cause 
the resonant circuits to drift off frequency in 
the field. Also, when a critical part is replaced, 
the associated resonant circuit may change fre- 
quency. The process of adjusting the tuned cir- 
cuits of the receiver for optimum performance 
is called alinement. 
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Figure 156. F-M walkie-talkie. 


ALINEMENT 


b. The r-f, i-f, and detector circuits of any 
superheterodyne receiver must be alined to 
their proper frequencies. It is possible to ac- 
complish a rough alinement by applying a sig- 
nal at the antenna terminals and peaking the 
tuned circuits of the receiver until maximum 
output appears from the audio-frequency 
stages. This method is very unsatisfactory; 
however, in an emergency, with no servicing 
equipment available, the performance of the 
receiver can be restored to something approach- 
ing normal operation by this procedure. 
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c. The basic alinement procedure for any 
particular unit is given in detail in the manual 
which describes it. Always refer to this manual 
for specific information. This text indicates 
general principles applicable to most f-m re- 
ceivers, and therefore must not be regarded as 
service information for any particular unit. The 
basic alinement procedure is to begin with the 
f-m detector circuit and tune the i-f amplifiers 
or limiters one by one, working toward the 
mixer, finally dealing with the r-f circuits. 


94. General Alinement Methods 


The two systems of alinement in common use 
are the meter method and the visual alinement 
method. The meter method uses a signal gen- 
erator, which covers both the i-f and the entire 
r-f range tuned by the receiver, and a vacuum- 
tube, or high-resistance voltmeter (20,000 ohms 
per volt or better). The visual-alinement 
method uses an f-m signal generator that covers 
the r-f and i-f ranges, an oscilloscope, and some- 
times a stable c-w signal generator. In general, 
an f-m receiver can be alined more quickly and 
easily and with far more accuracy by the visual 
method than by the meter method. The disad- 
vantage of the visual] method lies in the com- 
plexity of the test equipment and the difficulty 
of obtaining all of the necessary testing devices 
in the field. The meter method of alinement 
uses the variations of d-c voltage that take place 
in different parts of the receiver circuit when 
the tuning is changed. A steady carrier is ap- 
plied from the signal generator to the circuit 
under test, and changes in voltage with tuning 
are observed on the meter. The visual method 
of alinement traces the actual response curves 
of the circuit under test on the screen of a 
cathode-ray oscilloscope. The tuned circuits are 
adjusted until the curves have the required 
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Bt 
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amplitude and shape. The f-m signal generator 
sweeps through the frequency band covered by 
the stage under test, and the oscilloscope traces 
a curve that corresponds to the output of that 
stage in synchronism with the f-m generator. 


95. Meter Alinement of Detectors 


a. Discriminator. 


(1) For meter alinement of the discrimi- 
nator, a high-resistance voltmeter is 
needed as well as a signal generator 
capable of producing a stable i-f sig- 
nal. When the secondary of the dis- 
criminator circuit shown in figure 157 
is tuned to resonance at the desired 
center frequency, equal and opposite 
voltages are developed across R1 and 
k2. Consequently, there is no d-c volt- 
age between points A and B. The 
tuning of the primary circuit of the 
discriminator affects the linearity of 
response. Therefore, the primary must 
be tuned for optimum linearity and 
the secondary must be tuned for cor- 
rect center frequency. 


(2) Connect the signal generator to the 
grid of the limiter tube which im- 
mediately precedes the discriminator. 
Connect the vacuum-tube or high- 
resistance voltmeter across either R1 
or R2 (M1 in the figure). Adjust the 
tuning of the primary of the discrimi- 
nator transformer for maximum de- 
flection of the meter. The voltage 
developed across the resistor can be 
either positive or negative. When an 
ordinary meter reads backwards on 
the first reading, the leads must be 
reversed. When the meter reads maxi- 
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Figure 157. Discriminator alinement connections, 
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(3) 


mum, the primary of the discriminator 
transformer is alined properly. When 
a meter with the mid-scale point at the 
zero-voltage mark is used, the polarity 
of connection is not important. Merely 
adjust for maximum deflection in 
either direction. 


Without changing the signal generator 
in any way, connect the meter across 
the entire load circuit (M2 in the 
figure). Since no voltage is developed 
across A and B when the tuning is 
correct, the meter reads zero when the 
secondary is adjusted properly. A 
zero-center meter is useful for this 
type of adjustment, since a positive 
and a negative voltage can be de- 
veloped across the load resistors as the 
secondary is tuned, and the ordinary 
meter with zero at the extreme left of 
the scale is less convenient. Rock the 
tuning control of the secondary 
through zero several times, reducing 
the swing of voltage on either side 
each time, to insure accurate adjust- 
ment. 


(4) The linearity of alinement can be 


checked easily with the meter. If the 
receiver must handle a deviation of 50 
ke, shift the frequency of the signal 
generator 50 kc higher and then 50 ke 
lower than the carrier frequency. The 
meter across A and B should read the 
same total amount at either point, dis- 
regarding the change in polarity. With 
a zero-center meter, this adjustment 
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can be observed easily as an equal de- 
fiection on either side of center for 
both frequencies. With an ordinary 
meter, the leads have to be reversed 
for one reading. 


b. Ratio-Detector Meter Alinement. 
(1) For meter alinement of the ratio de- 


tector, shown in figure 158, connect 
the signal generator to the grid of the 
last i-f tube and set it to the interme- 
diate frequency desired. Connect the 
high-resistance voltmeter across the 
load resistor, R1, or the large load ca- 
pacitor, C (M1 in the figure). Adjust 
the primary of the transformer for 
maximum deflection of the meter. 
This shows that maximum current is 
flowing through the load resistor and 
the capacitor. 


(2) A symmetrical output circuit is neces- 


sary to tune the secondary. In some 
circuits, such symmetry already exists. 
When alining the circuit of figure 158, 
however, connect two 100,000-ohm 
resistors across the load capacitor, C. 
These resistors must be closely 
matched so that circuit symmetry is 
preserved. Connect the meter between 
the junction of the two resistors and 
the audio output end of the tertiary 
winding of the transformer. Tune the 
secondary for zero deflection of the 
meter. This shows that the secondary 
is exactly centered in the i-f pass band. 
Remove any resistors that have been 
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Figure 158. Ratio-detector alinement connections. 
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(3) 


(4) 


added. Linearity can be checked as in 
the discriminator by observing the 
swing of the meter on either side of 
center with a variation of the frequen- 
cy of the signal generator. 


An alternative method for alinement 
of a ratio detector requires only an 
amplitude-modulated signal genera- 
tor. Connect the signal generator to 
the grid of the last i-f stage and com- 
pletely detune the secondary of the ra- 
tio-detector transformer by turning 
its slug or capacitor completely out. 
This unbalances the detector circuit 
and makes it sensitive to amplitude 
modulation as well as frequency modu- 
lation. Adjust the signal generator 
for about 30-percent modulation, and 
tune the primary of the detector trans- 
former for maximum audio output. If 
an output meter is available, this ad- 
justment can be made much more ac- 
curately by observing the meter de- 
flection when it is connected across the 
audio output terminals. Be sure to ad- 
vance the audio gain control so that 
a sufficient amount of signal can reach 
the meter, loudspeaker, or earphones. 
After the primary has been alined, ad- 
just the secondary of the ratio-detector 
transformer for minimum audio out- 
put. This corresponds to maximum 
a-m rejection. This adjustment is crit- 
ical and must be made slowly and care- 
fully. Rock the tuning control back 
and forth to make sure that the mini- 
mum point is reached accurately. 


c. Alinement of Locked-Oscillator Detectors. 


(1) 


AGO 421A 


The alinement of a locked oscillator de- 
tector requires an a-m signal genera- 
tor and an output meter. Connect the 
output meter across the audio output 
terminals. Turn the audio gain con- 
trol to maximum. Ground the grid 1 
of the detector tube; this stops oscilla- 
tions and the tube functions as an a-m 
detector. Connect the signal generator 
to the grid of the last i-f tube and peak 
the detector transformer for maxi- 
mum audio output. Then connect the 
generator to the second i-f tube grid 


and peak the next i-f transformer, con- 
tinuing this process until the grid of 
the mixer is reached. 


(2) Turn off the modulation in the signal 


(3) 


(1) 


generator and remove the ground from 
the grid of the detector tube. Short the 
quadrature circuit by connecting a 
jumper across the plate coil. The os- 
cillator circuit continues to function. 
Adjust the oscillator trimmer capac- 
itor until a heterodyne beat note is 
heard in the earphones or loudspeaker. 
This is the oscillator beating against 
the unmodulated carrier from the sig- 
nal generator. Adjust the oscillator 
trimmer for zero beat, watching the 
output meter for an exact indication. 
The basic frequency of the oscillator 
now coincides with the frequency of 
the i-f signal generator. 

Remove the short from the quadrature 
circuit. Reduce the output from the 
signal generator to the point where 
the oscillator in the detector circuit is 
unable to lock in. Adjust the tuning 
of the quadrature coil so that the zero 
beat note is restored. This completes 
the alinement of the detector. 


d. Alinement of Gated-Beam-Tube Detector. 


Since the gated-beam tube combines 
the functions of a limiter and a dis- 
criminator in one circuit, the aline- 
ment of the circuit is divided into two 
parts. Connect an a-m signal genera- 
tor with a low percentage of modula- 
tion to the grid of the last i-f ampli- 
fier and an output meter to the audio 
output terminals. Turn the audio gain 
up fully. Short the quadrature circuit 
grid to ground, and decrease the out- 
put from the signal generator until a 
variation in the signal-generator out- 
put control produces a variation in the 
audio output. This setting insures an 
amount of i-f signal that is below the 
threshold of limiting. Tune the sec- 
ondary and the primary of the detector 
input transformer for maximum audio 
output. As the amplitude of the signal 
increases with alinement, limiting be- 
gins to take place at the grid, and it is 
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difficult to determine sharp tuning 
points. When this difficulty occurs, re- 
duce the output of the signal genera- 
tor further, and repeat the peaking of 
the transformer. 


{2) Increase the output of the signal gen- 
erator to the point where limiting oc- 
curs as indicated by no further in- 
crease in audio output with increased 
signal-generator output. Increase the 
percentage of modulation and adjust 
the variable cathode resistor for mini- 
mum audio output. Repeat this thres- 
hold adjustment until further small 
changes in the cathode resistor setting 
do not affect the point at which the 
threshold of limiting begins. This com- 
pletes the alinement of the limiter sec- 
tion. 


(8) Connect an f-m signa] generator with 
the required deviation to the grid of 
the last i-f amplifier. Remove the short 
from the quadrature circuit and tune 
the quadrature circuit for maximum 
audio output. This completes the aline- 
ment of the gated-beam tube. 


96. Meter Alinement of I-F Stages 


a. The meter alinement of the i-f stages in a 
receiver measures the voltage developed at the 
detector circuit as the i-f amplifiers are tuned. 
In the ratio detector, the meter is connected 
across the load capacitor, and in the gated-beam 
and locked-oscillator circuits, an audio output 
meter is used when the detector is altered so 
that it responds to a-m. When alining a receiver 
that uses a discriminator-limiter detector, con- 
nect the meter across the limiter grid resistor. 
If two resistors are used in series, connect the 
meter between the junction of the two and 
ground. As the signal to the limiter increases, 
the grid current increases, and consequently 
the voltage across the grid resistor rises. 


b. Always work from the detector or the lim- 
iter toward the mixer. In the limiter-discrimi- 
nator circuit, aline the discriminator first. If a 
dual limiter is used with tunable coupling be- 
tween the two stages, aline the first limiter by 
connecting the meter across the grid resistor of 
the second limiter. Connect the signal generator 
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to the grid of the first limiter. Then tune the 
interstage coupling circuit for maximum read- 
ing of the meter. Connect the meter to the grid 
resistor of the first limiter and proceed with 
the i-f alinement. 


c. When all of the i-f amplifiers are known to 
be single-peaked—that is, when none of them 
are overcoupled—tune each secondary and 
primary, working toward the mixer from the 
first-limiter grid or from the grid of the last i-f 
stage, depending on the type of detector. Adjust 
each tuning control for maximum deflection of 
the meter. The signal generator must be un- 
modulated when the discriminator and ratio de- 
tector are alined, and amplitude-modulated for 
other detectors. 


d. If one of the i-f amplifiers is overcoupled, 
the alinement procedure for that stage is slight- 
ly different from the procedure above. Using 
short leads, connect a low value of resistance 
(200 to 500 ohms) across the secondary of the 
overcoupled transformer. This serves to reduce 
the Q of the transformer, and the reduced Q 
suppresses the double-humped characteristic of 
the overcoupled circuit, with the result that 
there is a single broad resonant peak in the 
circuit. Observing the output meter carefully, 
tune to the exact center of this broad peak. The 
overcoupled circuit usually is the second i-f 
transformer in a limiter-discriminator type re- 
ceiver. Disconnect the loading resistor when the 
stage has been alined. 


97. Meter Alinement of R-F, Mixer, 
and Oscillator Stages 


a. The alinement of r-f and mixer stages re- 
quires an accurately calibrated r-f signal source 
that can be tuned to frequencies in the low, high, 
and center portions of the receiver. The mixer 
and the oscillator must track over the desired 
range if the receiver is continuously tuned, and 
tracking adjustments may vary widely with 
the type of receiver. Consult the appropriate 
equipment manual for a particular piece of 
equipment. 


b. The mixer trimmer and the oscillator 
trimmer are adjusted at the high frequency end 
of the tuning range for optimum gain and cali- 
bration. Set the receiver tuning control at the 
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designated alinement frequency. Connect a sig- 
nal generator to the grid of the r-f amplifier. 
Set its frequency to the highest calibration point 
ealled for in the equipment manual. Vary the 
oscillator trimmer until the signal is heard in 
the output circuit, or until the meter in the de- 
tector circuit indicates maximum deflection. 
The generator is unmodulated for ratio and dis- 
criminator detectors, and amplitude-modulated 
for the others. Peak the mixer grid-circuit trim- 
mer for maximum output. Tune the receiver to 
the designated low-frequency alinement point. 
Tune the signa] generator to the low end of the 
frequency range and set it at the low-frequency 
calibration point. Adjust the oscillator padder 
until the signal is a maximum at the detector. 
Then return the signal generator and receiver 
to the high-frequency calibration point. Retune 
the oscillator trimmer, if necessary, to bring 
the dial calibration of the receiver into corre- 
spondence with the frequency of the generator. 
Repeat these steps until both the low and the 
high frequencies are on calibration without the 
need for touching either the oscillator trimmer 
or the padder. Set the signal generator to a 
point midway in the frequency range, and 
check the calibration. When these steps have 
been carried out carefully, the calibration 
should be correct. 


c. Alinement of the r-f stage is done best with 
a noise generator, as described in the section on 
r-f amplifiers. Lacking a noise generator, a fair 
approximation is offered by the shorting tech- 
nique described in that section. For the first 
rough initial alinement, antenna noise or a weak 
externa] signal supplied by the leakage from the 
signal generator or any other source will do. 
Peak the trimmer for maximum signal at the 
high end of the frequency range, and apply 
the noise-generator technique at the highest fre- 
quency to obtain the maximum signal-to-noise 
ratio. 


98. Visual Alinement 


a. Principles. 


(1) In visual alinement, a cathode-ray os- 
cilloscope and an f-m signal generator 
are used in place of the meter and the 
a-m signal generator. The actual re- 
sponse curves of the i-f and detector 
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(2) 


(3) 


(1) 


circuits are traced out on the scope by 
this method, whereas in the meter 
method of alinement only the maxi- 
mum response points are known. 
Therefore, the visual method of aline- 
ment provides a more accurate means 
of adjustment and permits a very 
rapid grasp of exactly what is happen- 
ing, since the actual behavior of the 
circuits with an f-m signal is visible. 


The oscilloscope is a device that re- 
sponds to voltages; therefore, it al- 
ways is connected in parallel with the 
circuit under test. The oscilloscope can 
be used to display currents, but first 
they must be passed through a resistor 
and then the voltage developed across 
the resistor is measured. The f-m sig- 
nal generator is a standard signal gen- 
erator with internal means for fre- 
quency modulation by either a sine 
wave or a triangular wave. The in- 
ternal modulating signal is applied to 
the plates of the oscilloscope to provide 
a sweep voltage. For this reason, the 
device is called a sweep signal genera- 
tor. 


Also useful in conjunction with visual 
alinement methods is an accurately 
calibrated signal generator (marker 
generator) which produces ¢-w sig- 
nals to serve as directly visible fre- 
quency check points on the crt (cath- 
ode-ray tube) screen. Where a large 
number of receivers of a particular 
type are to be alined, crystal-controlled 
marker generators often are used for 
various critical frequencies, like the 
center of the i-f pass band and its 
outer limits. 


b. Alinement of I-F and Limiter Stages. 


The input terminals of the scope pro- 
vide for spot deflection both horizon- 
tally and vertically. For i-f alinement, 
the vertical-deflection terminals are 
connected across the limiter-grid resis- 
tor. This produces a voltage that is 
proportional to the amplitude of the 
signal input to that stage. The hori- 
zontal-defiection plates are connected 
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to the sweep voltages from the f-m 
signal generator. Connect the r-f out- 
put of the sweep generator to the grid 
of the last i-f stage. Adjust the fre- 
quency modulation for a deviation a 
few times greater than that of the 
rated deviation limits of the receiver. 
As the frequency swings through the 
i-f pass band, alining the tuned cir- 
cuits changes the position and ampli- 
tude of the signal that appears at the 
limiter grid. Consequently, the varia- 
tion of amplitude appears as changing 
vertical deflection on the screen of the 
cathode-ray tube. At the same time, 
the horizontal deflection changes in 
direct relationship with the sweep 
voltage. Since this also is the fre- 
quency modulation signal for the gen- 
erator, the horizontal axis is effective- 
ly a frequency axis. Therefore, the 
picture displayed on the face of the 
tube when the signal is passed through 
an i-f amplifier is that of the familiar 
bell-shaped tuned-circuit response. 


(2) As the tuning of the stage is varied, 


the response curve moves horizontally 
on the screen, in addition to changing 
in amplitude. Connect the marker gen- 
erator to the grid of the last i-f stage. 
This causes a small wiggle to appear 
in the curve as the signal and marker 
generators beat against one another. 
If the marker generator is set to the 
intermediate frequency, the tuning of 
the circuits is adjusted to center the 
bell-shaped curve at the marker pip, 
as in A of figure 159. Similarly, two 
marker generators can be used to mark 
the limits of the i-f pass band, with a 
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Figure 159. Use of marker frequencies in i-f alinement. 
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resultant trace on the screen that re- 
sembles that in B. 


(3) Each of the i-f stages can be alined, 


connecting the sweep and marker gen- 
erators to the grids of the preceding 
stages in turn. When a double-tuned 
overcoupled i-f circuit is used, the dou- 
ble-humped characteristic appears di- 
rectly on the screen and can be cen- 
tered at the marker frequency. There 
is no need to use any loading resist- 
ance. As additional stages are tuned, 
a broad, flat-topped characteristic can 
be developed that provides the least 
distortion and best off-channel atten- 
uation. 


c. Alinement of Discriminators. 


(1) Connect the vertical input of the os- 


cilloscope to point A and ground in the 
discriminator of figure 157. Connect 
the f-m signal generator to the grid 
of the limiter immediately preceding 
the discriminator. Connect the hori- 
zontal-sweep voltage of the f-m gen- 
erator to the horizontal input of the 
oscilloscope. As the signal on the hori- 
zontal plates varies, the spot on the 
screen traces out a line that corre- 
sponds to the amplitude of the modu- 
lating signal, and therefore to fre- 
quency. As the frequency changes, the 
instantaneous voltage developed across 
point A changes, and the spot is de- 
flected either upward or downward, de- 
pending on its polarity and amplitude. 
When the discriminator is alined 
properly, the characteristic S curve is 
obtained, lying at an angle to the hori- 
zontal, and crossing the zero-voltage 
spot position. 


(2) A marker generator connected to the 


limiter grid and tuned to the center 
frequency permits the development of 
the S curve in A of figure 160. When 
the marker generator is set at either 
the upper or the lower frequencies 
limit, the indications in B and C ap- 
pear. As the secondary of the discrimi- 
nator is tuned, the curve moves up or 
down, as in D. When the primary is 
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mistuned, the S curve is ragged, as in 
E. With correct tuning of the primary 
and secondary, the curve looks like 
that in F. First tune the primary for 
a smooth linear curve within the de- 
sired range, and then tune the sec- 
ondary so that the line is centered on 
the marker frequency or on the cen- 
ter of the scope. 


A B C 
D E F 


Figure 160. Use of marker frequencies in discriminator 


alinement. 


d. Alinement of Ratio Detector. 


(1) When visually alining receivers with 


ratio detectors, connect the vertical 
plates of the scope to the same point 
used in the meter method (fig. 158) or 
from the audio lead to ground. Con- 
nect the f-m signal generator to the 
grid of the last i-f tube. 


(2) Detune the secondary trimmer. Peak 


the primary trimmer for a maximum 
single and symmetrical i-f curve. 
Aline the remainder of the i-f’s, mov- 
ing back a stage at a time toward the 
mixer. Then adjust the secondary of 
the ratio-detector transformer to give 
the S-shaped characteristic curve. A 
marker generator is helpful in setting 
the exact center. 


(3) A second method of alinement starts 
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similarly: Connect the scope and gen- 
erator as above. Tune the primary for 
the single-peaked curve. Then tune the 
secondary for the S curve. Move the 
signal generator a step at a time to- 


ward the mixer, tuning each stage to 
obtain the largest symmetrical and 
linear S curve. 


(4) Another method requires the opening 


of one lead of the !oad capacitor. Then 
the circuit operates as an a-m detector. 
The terminals of the scope must be 
connected across the load resistor. Ad- 
just all of the i-f transformers for a 
symmetrical curve. Reconnect the ca- 
pacitor, connect the scope to the meter 
position, or across the audio output to 
ground. The scope now shows the S 
curve. Adjust the secondary of the 
ratio-detector transformer for proper 
centering. 


e. Alinement of Locked Oscillator. 


(1) Connect the vertical input of the scope 


to the junction of the plate load resis- 
tor and the quadrature coil and 
ground. To aline the i-f stages, ground 
the oscillator grid. Connect the f-m 
signal generator to the grid of the 
last i-f tube and adjust the tuned cir- 
cuits for the familiar single, peaked 
symmetrical response. Continue with 
the following i-f amplifiers, working 
toward the mixer. 


(2) After the i-f amplifiers are alined, re- 


move the short from the oscillator 
grid, tune the generator to the i-f cen- 
ter, turn off the f-m, and short the 
quadrature network. The signal gen- 
erator and scope remain where they 
were. Adjust the oscillator trimmer 
for zero beat, as indicated by minimum 
signal on the oscilloscope. Remove the 
short from the quadrature circuit, turn 
on the f-m in the generator, and set 
the deviation for the rating of the re- 
ceiver. Adjust the quadrature coil for 
linear response on the oscilloscope 
screen (fig. 161). In A, the quadra- 
ture circuit is misalined. In B, the 
alinement is correct. In C, both the 
quadrature circuit and the last i-f 
transformer secondary circuits are 
misalined. Marker generators are not 
needed for the center frequency of the 
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locked oscillator. Frequently, it is eas- 
ier to use meter methods of alinement 
for the r-f stages and visual alinement 
for the i-f and detector circuits. This 





requires the use of a considerable 
amount of equipment, but saves time 
when a large number of receivers of 
the same type must be alined. 
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Figure 161. Scope patterns for locked-oscillator detector. 


Section XII. SUMMARY AND REVIEW QUESTIONS 


99. Summary 


a. F-m receivers generally are of the super- 
heterodyne type. 


b. The f-m signal voltage in a superhetero- 
dyne is amplified and combined with the voltage 
from a local oscillator in a mixer. The differ- 
ence-frequency output is fed to an i-f amplifier. 


c. The output of the i-f amplifier is converted 
into audio voltage in an f-m detector. The audio 
signal is amplified and applied to speakers, 
headphones, or other audio devices. In the 
absence of signal, a squelch circuit can be used 
to prevent circuit noise from reaching the out- 
put. 


d. For greater selectivity, double-conversion 
superheterodynes are used. The output of the 
first i-f amplifier is converted to lower second 
i-f. 

e. The r-f amplifier receives the lowest level 
signal in the receiver from the antenna and 
amplifies it before it reaches the mixer. The 
critical features in the performance of the r-f 
amplifier are image rejection, noise figure, and 
attenuation of radiation from the local oscil- 
lator. 


f. The noise figure of the r-f amplifier de- 
pends on its bandwidth, the type of circuit, and 
the tube used. The noise performance of the 
receiver depends almost entirely on the noise 
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figure of the r-f amplifier, if its gain is high. 
The image rejection depends on the selectivity 
of all tuned circuits encountered by the signal 
before reaching the grid of the mixer. 


g. The mixer stage operates as a low-level 
modulator, with the local oscillator acting as the 
carrier and the signal as the modulation voltage. 


h. The voltage gain of a mixer depends on 
its conversion transconductance, which is ap- 
proximately the ratio of the i-f plate current 
to the r-f grid voltage. 


i. The local oscillator signal can be injected 
on the same or different tube electrode com- 
pared to that to which the signal is applied. 
The type of oscillator injection determines the 
extent of its radiation, interaction between 
oscillator and mixer circuits, and loading of 
the mixer input circuit. 


7. Multigrid mixers are used frequently for 
the second i-f sections of double-conversion re- 
ceivers. 


k. Converters are oscillators and mixers 
combined in the same tube envelope. The elec- 
tron stream of the tube serves for both sections 
with a large number of grids performing the 
different functions necessary. 


l. At very-high and ultrahigh frequencies, 
crystal mixers can be used. These units have 
conversion loss instead of gain, and are seldom 
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preceded by r-f amplifiers. Their noise per- 
formance depends on the following i-f stage. 
They are used with a very high i-f to obtain 
good image rejection and reduction of local- 
oscillator radiation. 


m. Lumped-constant oscillators occasionally 
are used in the first oscillator stage of double- 
conversion receivers, and almost always in the 
oscillator stage of single-conversion receivers. 
Crystal oscillators characterized by high stabil- 
ity are used in the first oscillator stage of many 
double-conversion receivers and in the second 
oscillator stage of others. Distributed-constant 
oscillators are used in the oscillator stage of 
very-high-frequency receivers where the tuning 
range needed precludes the use of crystal oscil- 
lators. 


n. Crystal oscillators used in f-m receivers 
are of two types—harmonic multiplier and 
overtone. Overtone oscillators operate on only 
one frequency, and harmonic oscillators pro- 
duce their principal output on one frequency 
and lesser amounts of power at other har- 
monics. 


o. The front end of the receiver consists of 
the r-f amplifier, oscillator and mixer stages. 
The design of the front end takes into consid- 
eration the need for automatic tuning. Various 
mechanical systems, electrical switching, or 
turret circuits can be used. 


p. The i-f amplifier provides all of the selec- 
tivity and most of the sensitivity of the f-m 
receiver. The selectivity depends on the tuned 
circuits used in the i-f voltage amplifiers. 


q. Transformer-coupled circuits are used in 
i-f amplifiers for high-gain, broad-frequency 
response, and sharp adjacent-channel selectiv- 
ity. The stability of the i-f amplifier depends 
on the shielding, parts placement, and amount 
of feedback through the grid-plate capacitance. 


r. Limiter circuits generally are i-f amplifiers 
operated with low screen voltage so that they 
overload easily on strong input signals. They 
eliminate a-m, and also some of the noise that 
appears along with the desired signal. 


s. Discriminators are characterized by fair 
linearity, ease of alinement, and easily derivable 
afc and avec voltages. 
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#. Ratio detectors require no limiters, since 
they are relatively insensitive to a-m. The 
sensitivity is higher than the limiter-discrimi- 
nator combination, but the circuit is more dif- 
ficult to aline and has less rejection of impulse 
noise. 


u. The synchronized single-stage locked- 
oscillator detector rejects interference from 
signals on the same channel as the desired sig- 
nal if these signals are only slightly weaker. It 
is sensitive, but difficult to aline, and has poor 
immunity to some types of noise. 


vy. The cycle-counting detector requires no 
alinement and produces extremely linear out- 
put. It is used largely in frequency-meters, 
where the large number of stages of amplifica- 
tion, limiting, and conversion required for high 
sensitivity are not needed. 


w. The gated-beam tube operates as an excel- 
lent limiter, and as a fair limiter-discriminator 
combination. The response is linear over a wide 
range, with good rejection of a-m. It is one of 
the easiest of all detectors to aline and has 
sensitivity comparable to the standard limiter- 
discriminator. 


x. Squelch circuits used in f-m receivers 
operate either from the change in voltage in 
limiter plate circuits, or from change in noise 
level at the detector output. These voltage 
changes trigger the squelch circuit, which is 
normally biased to cut off the first audio stage. 
With applied signal, the squelch tube permits 
the first audio stage to conduct. 


y. The afe system used in some receivers 
takes a voltage from the discriminator detector 
and applies it to a reactance modulator. This 
modulator then changes the frequency of the 
local oscillator to maintain proper tuning. 


100. Review Questions 


a. Explain the difference between a single- 
and a double-conversion superheterodyne, de- 
seribing the functions of the various parts of 
each circuit. 


b. What stage governs the receiver sensitiv- 
ity more than any other? 


ce. Where is selectivity obtained? 
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d. Why does the r-f amplifier play an im- 
portant role in the rejection of images? 


e. What are the three basic functions of the 
r-f amplifier? 

f. What is the effect of the input bandwidth 
of the r-f amplifier on the noise performance 
of the stage? 


g. Describe the relative performance of dif- 
ferent tube types used for r-f amplifiers. 


h. What is the effect of a high-Q input circuit 
in an r-f amplifier? 


1. Describe the function of the input circuit 
in respect to impedance matching. What is the 
difference between an unbalanced and a bal- 
anced input circuit? 


7, What is the disadvantage of a grounded- 
cathode triode amplifier? How does its gain 
compare with the grounded-grid circuit? 


k. What is the advantage of a push-pull 
triode r-f amplifier over a single-ended pentode? 


l. What is the main advantage of the cathode- 
coupled amplifier? 


m. Describe two methods of neutralizing the 
driven grounded-grid amplifier. 


n. What is the basic principal underlying 
frequency conversion? 


o. What is the difference between a mixer 
and a converter? 


». How are mixers classified in regard to 
local-oscillator injection? 


q. How are spurious responses generated in 
the mixer? How does the choice of i-f affect the 
production of spurious responses? 


r. Why does a mixer produce more noise than 
the same tube used as an amplifier? 


s. What is the main disadvantage of the 
triode mixer in regard to the stability of the 
stage? 


t. What is the principal advantage of the 
push-push triode mixer? 


u. In what way is the pentode mixer superior 
to the triode mixer? 


v. What are the characteristics of the penta- 
grid mixer tube that make it very desirable for 
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the mixer stage in the low-frequency section of 
a double-conversion receiver? 


w. What is the principal reason for the use 
of the crystal mixer? What is the effect of the 
oscillator injection on the performance of the 
crystal mixer? 


x. Why does the noise performance of the 
crystal mixer depend on the noise figure of the 
following i-f amplifier? 


y. What is the principal requirement for the 
high-frequency oscillator in an f-m receiver? 


z. What are the principal causes of frequency 
drift in oscillators and how are they overcome? 


aa. Why are crystal-controlled circuits most 
useful as high-frequency oscillators? 


ab. On what frequencies other than the 
fundamental does the crystal operate in a har- 
monic crystal oscillator? 


ac. What principal disadvantage of the har- 
monic oscillator is overcome in the overtone 
circuit? 


ad. Why are overtone oscillator circuits used 
in preference to L-C oscillators at very-high 
frequencies? 


ae. What is the purpose of automatic tuning 
in f-m receivers? 


af. When are transmission-line elements 
made a part of the tuning system of an f-m 
receiver? 


ag. What are the principal means of tuning 
an i-f transformer? 


ah. Describe two procedures used to obtain 
high adjacent-channel selectivity ? 


ai. Describe the major causes for instability 
in i-f amplifiers. 


aj. Where extremely high gain is required of 
an i-f system, what means can be used to isolate 
the input from the output circuits? 


ak. Describe the generation of the grid-bias 
voltage in a pentode grid-bias limiter. 


al. Why is the output of a limiter substan- 
tially independent of the input signal over a 
very wide range? 


am. Why are cascade limiters often used? 
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an. Why is it undesirable to have any appre- 
ciable gain in the limiter stages? 


ao. What is the principal disadvantage of the 
double-tuned discriminator? 


ap. How is this overcome in the phase-dis- 
criminator circuit? 


aq. What is the principal disadvantage of a 
discriminator in respect to adjacent channel 
selectivity ? 


ar. How does the ratio detector provide im- 
munity from a-m superimposed on the f-m 
signal? 


as. How does the sensitivity of the ratio de- 
tector compare with the limiter-discriminator? 


at. How do the side responses of the ratio 
detector differ from those of the discriminator, 
even though the tuned-cireuit construction is 
very similar? 


au. Tell why the quadrature circuit is neces- 
sary in the single-stage locked oscillator de- 
tector. 


av. In what respects does the single-stage 
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locked oscillator resemble a reactance modu- 
lator? 


aw. What is the main reason for using a 
cycle-counting detector in frequency meters for 
f-m applications? 

ax. Describe the passage of the electron 
stream through the gated-beam tube. 


ay. Why does the gated-beam tube have such 
a very sharp cut-off characteristic? 


az. What are the principal advantages of the 
gated-beam tube as a limiter? 


ba. Describe the gating action of the two 
grids of the gated-beam tube, and show how 
audio voltage is derived. 


bb. Give the purpose and function of a 
squelch circuit. 


be. Describe three methods for deriving a 
voltage to operate a squelch tube. 


bd. Why is the squelch-oscillator circuit used 
in battery-operated equipment? 


be. How does the afe circuit in some receivers 
resemble the circuits used in transmitters? 
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